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Dr.  Ralph  Alewine 
Advanced  Research  Projects  Agency 
3701  North  Fairfax  Drive 
Arlington,  VA  22203-1714 

Dear  Dr.  Alewine, 

The  attached  report  fulfills  the  fourth  quarterly  progress  report  requirement  for 
the  period  from  January  1,  1994  to  March  31,  1994  as  contained  in  the  ARPA 
Grant  No:  MDA972-93-1-0004  entitled  "Real  Time  System  for  Practical  Acoustic 
Monitoring  of  Global  Ocean  Temperature"  issued  by  the  Contracts  Management 
Office.  The  United  States  Government  has  a  royalty-free  license  throughout  the 
world  in  all  copy  rightable  material  contained  herein.  This  report  is  approved  for 
unlimited  distribution  and  public  release.  Additional  copies  of  this  report  will  be 
mailed  to  the  distribution  list  contained  in  Attachment  Number  2  of  the  Grant. 


Financial  status  reports  will  be  submitted  separately  from  this  report.  Woods 
Hole  Oceanographic  Institution,  as  the  Grantee,  will  submit  all  financial  reports 
directly  to  you. 


The  information  contained  in  this  report  represents  the  inputs  and  opinions  of 
the  entire  GAMOT  team;  the  Woods  Hole  Oceanographic  Institution,  the 
Pennsylvania  State  University,  the  Applied  Research  Laboratory,  the  Florida 
State  University,  University  of  Alaska,  University  of  Texas  at  Austin  and  NRL- 
Stennis.  If  this  report  generates  any  questions,  please  do  not  hesitate  to  direct 
your  questions  or  comments  to  the  Principal  Investigators  or  the  Program 
Manager. 


John  L.  Spiesberger 
Principal  Investigator 
WHOI/PSU 


Daniel  E.  Frye 
Principle  Investigator 
WHOI 


Jojm  M.  Kenny 
rogram  Manager 
'ARL 


GAMOT  EXECUTIVE  SUMMARY 


May  10, 1994 


Work  continues  on  all  GAMOT  Tasks  as  described  in  ARPA  Grant  No:  MDA972- 
93-1-0004. 


•  Task  A.  Task  A  work  is  on  schedule.  We  are  continuing  the  investigation  of 
the  acoustic  thermometry  data  taken  in  1987  along  fifteen  basin  scale  sections  in 
the  northeast  Pacific.  We  have  completed  a  number  of  tomographic  inverse 
simulations  using  Comuelle's  inverse  software.  Incorporation  of  the  ray  trace 
software  into  the  tomography  program  is  proceeding  smoothly  and  nearing 
completion.  We  are  at  the  midpoint  of  automating  the  tomography  process  and 
have  completed  all  interface  definitions. 

Work  is  nearing  completion  on  the  development  of  the  signal  processing 
package  for  the  SSAR.  System  integration  will  start  next  quarter. 

•  Task  B.  The  FSU  tasks  and  deliverables  are  on  schedule.  We  are  continuing  to 
analyze  the  results  of  our  estimates  of  acoustic  travel  time  anomalies  on  our 
reduced  gravity  model  of  the  northeastern  Pacific  Ocean.  These  results  clearly 
demonstrate  that  the  interannual  variability  of  the  anomalies  is  dominated  by  the 
large  scale  Rossby  waves  propagating  off  the  coast  of  North  America. 
Additionally,  we  are  developing  an  adjoint  code  to  assimilate  acoustic  results 
into  a  layered  model. 

This  report  includes  the  accomplishments  and  activities  of  NRL-Stennis. 

A  1/8°  6-layered  Pacific  Ocean  simulation  north  of  20°  S  with  realistic  bottom 
topography  was  driven  by  a  monthly  ECMWF  wind  climatology  averaged  over 
1981-1991.  A  1/4°  6-layered  global  simulation  with  realistic  topography  was  run 
from  1981  to  1993  driven  by  ECMWF  lOOOmb  winds.  The  81-91  ECMWF  mean 
was  replaced  by  the  annual  mean  from  the  Hellerman-Rosenstein  wind  stress 
climatology.  The  model  had  been  spun  up  to  statistical  equilibrium  using  the 
Hellerman-Rosentstein  wind  stress  climatology  prior  to  the  81-93  integration. 

The  model  output  was  saved  at  3.05  day  intervals. 

•  Task  C.  Development  of  the  SSAR  is  nearing  completion  and  fabrication  of  the 
operational  emits  has  begun.  No  significant  delays  or  problems  have  been 
encountered.  The  long-term,  free  drifting  test  of  the  Standard  SSAR  prototype 
was  terminated  following  a  failure  of  the  conductor  assembly  in  the  hose  section. 
The  buoy  was  retrieved  on  March  10, 1994  about  120  miles  north  of  Bermuda.  It 
was  deployed  for  a  total  of  four  months.  The  failure  mode  was  abrasion  of  the 
conductors  where  they  came  into  contact  with  the  hose  wall.  A  new  combined 
stop  rope /conductor  assembly  has  been  designed  to  eliminate  this  problem, 
similar  to  what  was  originally  used  in  the  Snubber  SSAR  prototype,  which  has 
not  experienced  the  abrasion  failure. 

Laboratory  fatigue  testing  of  short  hose  sections  has  continued  at  TMT.  A 
successful  long  term  test  of  the  third  test  hose  has  been  completed.  The  test  has 
run  for  10^  cycles  without  hose  failure,  where  5  x  1CP  cycles  was  the  goal  of  the 
tests.  These  tests  were  designed  to  mimic  maximum  forcing  in  the  operational 


systems.  The  test  section  with  conductors  built  into  the  hose  wall,  however, 
failed  after  140,000  cycles  and  the  decision  was  made  to  delay  development  of 
this  design.  The  integrated  stop  rope/conductor  assembly  design  will  be  used 
instead. 

Two  tests  of  the  ultra  short  baseline  acoustic  navigation  system  have  been 
completed.  In  the  first,  the  acoustic  array  was  carefully  calibrated  in  an  acoustic 
test  facility  to  document  the  accuracy,  sensitivity,  and  resolution  of  the  array. 
Following  these  tests,  a  field  trial  at  the  AUTEC  range  in  the  Bahamas  was 
performed  using  a  SSAR  equipped  with  two  acoustic  pingers  that  were  tracked 
by  the  range.  A  direct  and  independent  measurement  of  array  location  relative 
to  the  surface  float  was  the  result.  This  result  combined  with  the  GPS  tests 
conducted  previously  in  Bermuda  provide  unambiguous  verification  of  the 
accuracy  of  the  SSAR  positioning. 

Schedules  for  the  complete  system  test  are  on  hold  because  the  ATOC 
source  schedule  is  up  in  the  air.  We  are  looking  at  alternatives  to  the  ATOC 
sources  for  conducting  the  final  SSAR  at-sea  tests. 

•  TASK  D.  A  draft  version  of  the  70  Hz  source  procurement  proposal  was 
discussed  with  ARPA  at  a  meeting  on  March  7, 1994.  The  final  proposal  has  been 
prepared  and  is  presently  undergoing  institutional  review.  It  will  be  submitted 
within  a  few  weeks  to  ARPA.  It  presents  two  options  for  source  procurement 
and  testing  with  an  18  month  schedule.  Because  there  have  been  no  changes  to 
the  status  of  Task  D,  the  Task  D  section  has  not  been  included  in  this  report. 

•  Meetings.  An  ATOC/GAMOT  Science  workshop  was  hosted  by  Dr.  J.  O’Brien 
in  March  at  Florida  State  University. 

•  Issues  and  Concerns.  In  the  previous  quarterly  reports,  two  issues  were 
addressed: 

•  Acoustic  interaction  of  cabled  sources  with  the  bottom  slope,  and 

•  Identification  of  a  source  for  the  autonomous  mooring. 

These  issues  have  not  been  resolved  and  there  is  no  new  information  to  report. 

There  is  one  new  issues: 

•  Final  SSAR  acoustic/processing  tests  need  to  be  performed  at  sea  with  a 
suitable  source  transmitting  M  sequences.  Rather  than  wait  for  the  ATOC 
sources  to  go  on  line,  the  SSARs  should  be  tested  with  another  source  which 
will  give  us  time  to  correct  problems  during  the  hiatus.  The  AUTEC  range 
operates  a  suitable  source  at  160  dB  source  level  that  could  be  used  for  these 
tests.  In  fact  we  ran  this  source  during  the  navigation  tests  in  April  with  an 
M-sequence  signal.  An  Operational  Test  Plan  is  in  preparation  which  will 
outline  the  tests  to  be  performed  with  the  AUTEC  source  in  August. 
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GAMOT  Review:  John  Spiesberger 
TASK  A 

15  May  1994 

All  Task  A  work  is  on  schedule.  In  the  last  quarter  we  have  accomplished  the 
following  tasks. 

1.  Programs  for  semi- automating  the  comparison  between  forward  models  and  acous¬ 
tic  thermometry  data  have  been  written  and  are  in  use.  The  forward  model  is 
based  on  ray  tracing  using  the  algorithm  called  ZRAY  (  Spiesberger,  Terray,  and 
Prada,  1994).  These  algorithms  are  being  used  to  identify  the  acoustic  multipaths 
measured  in  the  acoustic  thermometer  experiments  taken  in  the  northeast  Pacific 
in  1987.  Fifteen  sections  are  under  investigation,  ranging  between  1000  and  3000 
km.  To  date,  most  of  the  sections  have  been  successfully  understood  with  the  ray 
trace  model. 


2.  A  theoretical  investigation  has  been  conducted  which  has  found  that  it  is  possible 
that  ray  theory  can  be  extended  to  acoustic  frequencies  below  100  Hz.  Previously, 
it  has  been  believed  by  the  acoustic  oceanography  community  that  ray  theory  was 
not  an  accurate  method  for  computing  travel  times  below  100  Hz.  A  manuscript 
draft  will  soon  be  submitted  for  publication  (Draganov  and  Spiesberger,  1994). 


3.  A  new  parabolic  approximation  to  the  acoustic  wave  equation  has  been  devel¬ 
oped.  This  new  approximation  has  much  less  error  in  absolute  acoustic  phase 
than  previous  approximations.  Thus,  it  can  be  used  to  accurately  compute  abso¬ 
lute  times  of  travel  of  sound  without  the  user  having  to  specify  a  reference  speed 
of  sound.  This  new  parabolic  approximation  also  is  valid  for  high  grazing  angles. 
A  manuscript  describing  these  findings  will  be  submitted  for  publication  soon 
(Tappert,  Spiesberger,  and  Boden,  1994).  Tappert’s  involvement  in  this  project 
was  funded  through  Task  A,  under  subcontract  to  Penn  State  University. 


4.  We  have  computed  travel  times  of  sound  through  the  Florida  State  and  Naval 
Research  Lab  models  and  compared  these  times  with  those  measured  in  the  Ka¬ 
neohe  source  experiment  in  the  1980’s.  The  Kaneohe  source  experiment  found 
that, 

(a)  Travel  times  changed  by  about  ±0.2  s  at  interannual  time  scales  (Spiesberger 
et  ah,  1993). 
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(b)  The  spatially  averaged  temperature  of  the  northeast  Pacific  is  structured. 
Thus,  stations  separated  by  only  500  km  detected  different  changes  in  the 
spatially  averaged  temperature  to  the  Kaneohe  source  at  4000  km  distance 
(Spiesberger  et  al.,  1993). 

The  travel  times  through  the  FSU  and  NRL  models  both  predict  travel  times 
which  change  by  about  ±0.2  s.  The  NRL  model  predicts  that  receivers  separated 
by  500  km  along  the  coast  have  different  changes  in  section  averaged  temperature. 
Thus  the  NRL  model  produces  many  of  the  observed  characteristics  observed  from 
the  Kaneohe  source  experiment.  The  NRL  model  has  been  run  with  slightly  differ¬ 
ent  initial  condition  to  investigate  limits  of  predictability.  Our  conclusion  to  date 
is  that  the  class  of  models  used  by  GAMOT  resemble  the  Kaneohe  source  data, 
and  thus  appear  to  be  an  effective  approach  toward  understanding  interannual 
and  interdecadal  variability  in  the  ocean.  This  natural  variability  is  necessary  to 
quantify  to  detect  global  warming. 


5.  The  acoustic  multipaths  from  the  Kaneohe  source  have  been  identified  at  one  SO- 
SUS  station  using  a  ray  tracing  algorithm  called  ZRAY.  This  was  a  breakthrough 
since  this  is  the  furthest,  4000  km,  that  ray  theory  has  been  successfully  used  to 
understand  acoustic  propagation  in  the  ocean.  The  acoustic  source  was  centered 
at  133  Hz.  Travel  times  from  this  section  are  being  compared  to  an  eddy  resolving 
section  taken  in  July  1988  by  NAVOCEANO.  These  findings  will  be  prepared  for 
publication  later  this  year. 

6.  Numerical  simulations  have  begun  which  will  demonstrate  the  improved  resolu¬ 
tion  obtained  with  drifting  receivers  compared  with  fixed  receivers. 

7.  Numerical  simulations  have  begun  which  will  demonstrate  that  drifting  receivers 
suppress  the  “noise”  from  the  mesoscale  field  better  than  stationary  receivers. 
The  mesoscale  is  probably  the  biggest  source  of  noise  when  looking  for  climate 
change  in  the  ocean. 

8.  We  have  started  feasibility  studies  to  investigate  how  to  map  climate  changes  in 
the  Southern  Ocean  using  autonomously  moored  sources  and  SSARs.  The  idea  is 
to  put  the  sources  and  receivers  south  of  the  Antarctic  convergence  to  avoid  the 
acoustic  problems  related  to  crossing  that  front. 

9.  We  have  begun  automating  the  inverse  model. 
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GAMOT  QUARTERLY  REPORT 
FIRST  QUARTER  1994 


FLORIDA  STATE  UNIVERSITY 
PROFESSOR  JAMES  J.  O’BRIEN 


SUMMARY 

We  are  continuing  to  analyze  the  results  of  our  estimates  of  acoustic  travel  time 
anomalies  in  our  reduced  gravity  model  of  the  northeast  Pacific  ocean.  These 
results  clearly  demonstrate  that  the  interannual  variability  of  the  anomalies  is 
dominated  by  the  large-scale  Rossby-waves  propagating  off  the  coast  of  North 
America.  Additionally,  we  are  developing  an  adjoint  code  to  assimilate  acoustic 
results  into  a  layered  model. 

TASK-B  STATUS 

B4  (update).  Two  model  runs  will  be  compared  below.  Both  contain  a  Kelvin  wave 
from  a  wind-driven  equatorial  model  input  at  the  southeastern  boundary 
(described  in  previous  reports).  Case  (i)  is  only  forced  by  the  Kelvin  wave.  Case  (ii) 
includes  local  windstress.  The  model  was  spun-up  for  20  years  with  climatological 
winds  and  a  climatological  Kelvin  wave  from  the  equatorial  model.  Observed  winds 
and  the  raw  Kelvin  signal  were  then  used  to  run  the  model  from  1961-1989. 

The  model  circulation  for  (i)  and  (ii)  and  method  of  computing  travel  time 
anomaly  (TTA)  was  discussed  in  the  previous  quarterly  report. 

The  paths  over  which  TTAs  are  estimated  are  shown  in  Fig.  1  and  the  TTAs  for 
(i)  and  (ii)  are  in  Fig.  2.  A  strong  correlation  exists  between  (i)  and  (ii);  the  linear 
correlation  c  is  found  to  vary  from  0.6  to  0.8  and  are  shown  in  Fig,  2.  There  are  two 
types  of  differences  between  the  TTAs  for  the  two  cases.  The  first  difference  is  due 
to  the  seasonal  variations  of  the  winds,  driving  a  strong  annual  signal  which  does 
not  appear  in  the  remote-only  case,  as  seen  in  Fig.  2.  There  are  also  times  when 
the  signal  in  case  (i)  appears  to  lag  the  signal  in  case  (ii).  For  example,  across  path 
#1  the  TTA  for  (ii)  reaches  a  maximum  in  late  1976  and  for  (i)  the  maximum  is  in 
late  1977.  However,  the  maxima  during  1982-1983  coincide.  The  mechanism 
behind  this  lag  remains  to  be  resolved  in  detail,  but  it  is  clearly  related  to  the 
effects  of  wind-forcing. 

Spectral  analysis  of  the  TTAs  for  case  (ii)  is  shown  is  Fig.  3.  The  annual  signal 
is  the  only  clear  peak.  The  lack  of  other  peaks  is  probably  the  result  of  the 
nonstationary  properties  of  the  signals  and  the  significant  power  in  the  lowest 
frequencies.  A  different  perspective  on  the  spectral  characteristics  is  obtained  by 
examining  their  wavelet  transform. 


Figure  4  not  only  reveals  the  annual  signal  as  does  Fig.  3.,  but  its  amplitude 
variation  is  also  indicated.  For  path  #1  the  annual  signal  lessens  during  the  early 
1970s,  1976  and  1984-85.  The  amount  of  variation  depends  on  the  particular  path 
and,  as  in  Fig.  3,  path  #9  and  #10  show  no  annual  variations. 


Following  the  local  modulus  maximum  indicates  the  flow  of  energy  in  the  signal 
and  simplifies  the  comparisons  between  case  (i)  and  (ii).  Figure  5  shows  the  local 
modulus  maximum  of  Fig.  4.  Lots  of  similarity  is  seen  at  the  longer  periods 
between  the  winds  only  and  winds  plus  remote  cases,  as  expected  from  the  visual 
impression  of  Fig.  2.  Interpreting  the  wavelet  transform  deep  within  the  cones  of 
influence  is  problematic  as  the  transform  loses  accuracy  as  one  penetrates  these 
regions. 


B5.  Design  of  new  models.  Part  of  this  work  is  being  done  in  collaboration  with 
researchers  at  the  Naval  Research  Laboratories  (NRL).  Ocean  models  very 
similar  to  the  FSU  model  have  been  developed,  but  with  additional  complexity. 
Details  of  the  NRL  models  are  discussed  in  the  previous  report.  We  are  also 
developing  an  optimal  control  method  to  assimilate  oceanic  tomography  data  into 
the  upper  layer  of  an  ocean  model.  The  goal  is  to  obtain  an  improved  estimate  of 
the  time  independent  density  field.  The  optimal  spatial  structure  based  on  the  best 
fit  of  the  model  to  observations  is  determined.  The  variational  cost  function 
measures  two  “distances”:  i)  between  the  acoustic  tomography  data  and  the  model 
counterpart  which  can  be  expressed  in  terms  of  model  variables,  and  ii)  the 
discrepancy  between  the  model  density  and  Levitus  density  data.  At  this  time  no 
long-term  tomographic  data  is  available;  therefore,  several  identical  twin 
experiments  will  be  performed  in  order  to  test  the  assimilation  technique. 


FIGURES 


Fig  1.  Great  circle  paths  used  for  calculations  of  travel  time. 

Fig  2.  Travel  time  anomolies.  Blue  is  case  (i)  and  black  is  case  (ii).  The  TTA  values 
are  adjustable  by  an  unknown  coefficient.  The  linear  correlation  coefficient 
between  the  two  cases  is  shown.  The  final  latitude  of  the  path  -  indicated. 

Fig.3.  The  power  spectrum  for  the  TTA’s  for  case  (ii).  The  linear  trend  and  mean 
were  removed  before  analysis.  Four  forward  and  backward  Hanning  passes  were 
applied  to  the  spectrum. 

Fig.4.  The  wavelet  transform  modulus  for  cases  (i)  and  (ii).  The  modulus  is  related 
to  the  energy  density.  The  path  number  is  indicated  at  the  top  of  the  page.  The 
upper  plot  is  for  case  (ii)  and  the  lower  is  case  (i).  The  horizontal  axis  is  time,  the 
left  vertical  axis  is  wavelet-scale  and  the  right  vertical  axis  is  actual  period  in 
years.  Colors  are  from  blue  (minimum)  to  white  (maximum)  and  the  diagonal 
lines  represent  the  "cones  of  influence"  where  the  transform  begins  to  lose 
accuracy. 

Fig.  5.  The  lines  of  local  maximum  for  Fig.4.  Blue  is  case  (i)  and  black  is  case  (ii). 
The  vertical  axis  is  time  period  in  years. 
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We  present  evidence  which  indicates  that  the  effects  of  equatorial  El  Nino  episodes 
are  more  far-reaching  than  previously  believed.  Recent  (1991)  significant  anomalies  in  both 
ocean  circulation  and  Sea  Surface  Temperature  (SST)  over  the  North  Pacific  Ocean  are 
linked  with  this  century’s  largest  such  episode,  the  1982-83  El  Nino.  This  decadal  link  is 
provided  by  a  Rossby  wave  which  propagated  across  the  entire  Pacific  Basin. 

The  effects  of  the  1982-83  El  Nino  at  the  Peru  and  Ecuador  coasts  were  almost  imme¬ 
diate:  the  Sea  Surface  Height  (SSH)  rose  and  SST  increased  [1].  The  subsequent  reduction  in 
fish  populations  [2, 3]  and  the  increased  rainfall  [4]  severely  impacted  the  regional  economies 
[5].  These  local  effects,  which  last  from  1  to  2  years,  are  normally  associated  with  El  Nino 
events  with  varying  degrees  of  intensity. 

Recently  observed  oceanic  anomalies  in  SSH  and  SST  indicate  that  during  1991  to 
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1993,  a  portion  of  the  Kuroshio  Extension  transport  was  routed  to  a  more  northern  latitude. 
In  this  paper  we  present  evidence  that  the  1982-83  El  Nino  is  responsible.  The  Kuroshio  is 
a  strong  current  which  flows  from  the  Philippines  to  the  southern  coast  of  Japan  and  then 
separates  from  the  coast  at  35°N.  After  separation,  it  flows  eastward  as  the  Kuroshio  Ex¬ 
tension,  advecting  an  enormous  amount  of  heat  in  the  form  of  warm  water  into  mid-latitude 
regions.  The  anomalous  northward  routing  of  a  portion  of  the  Kuroshio  Extension  advected 
warm  waters  further  north  than  normal,  resulting  in  extremely  warm  SST  anomalies  across 
the  North  Pacific  during  the  early  1990’s. 

The  observational  evidence  for  this  rerouting  of  a  portion  of  the  Kuroshio  Extension 
comes  from  satellite  altimeter  and  infrared  data.  Significant  changes  in  SSH  are  seen  in  a 
combined  analysis  of  altimeter  data  from  the  Geosat-Exact  Repeat  Mission  satellite  ( Geosat- 
ERM)  [6]  and  the  European  Remote  Sensing  satellite  (ERS-1).  The  resulting  change  in 
SSH  (Fig.  la)  represents  a  change  in  ocean  circulation  over  the  interval  from  1988  to  1993. 
Similar  results  are  obtained  by  a  combination  of  TOPEX/POSEIDON  and  Geosat-ERM 
altimeter  data. 

In  Figure  la,  a  positive  SSH  anomaly  centered  just  south  of  40°N  at  175°E  lies  north 
of  the  Kuroshio  Extension.  The  anomaly  indicates  that  a  portion  of  the  current  is  routed 
to  a  path  that  follows  the  northern  slope  of  the  anomaly.  The  circulation  changes  imply 
changes  in  SST  as  warm  waters  are  advected  further  north.  A  consistent  set  of  global 
SST  has  been  compiled  since  1985  by  Reynolds  [7].  A  warm  SST  anomaly  north  of  the 
Kuroshio  Extension  is  clearly  seen  in  Figure  lb  extending  from  Japan  to  North  America 
at  40°N.  This  SST  anomaly  is  just  north  of  the  SSH  anomaly  as  expected  (Fig.  1).  Thus, 
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both  satellite-sensed  SSH  and  SST  strongly  suggests  a  northward  shift  of  a  portion  of  the 
Kuroshio  Extension  and  a  subsequent  anomalous  northward  transport  of  warm  waters. 

Concurrent  with  the  recent  abundance  of  satellite  data  is  a  revolution  in  our  ability 
to  numerically  model  the  dynamical  processes  in  the  oceans.  From  a  numerical  model 
simulation,  we  use  results  which  cover  the  decade  from  1981  to  1993.  The  model  simulation 
and  observational  data  provide  independent  results.  This  synergy  is  very  important  as 
results  from  one  source  alone  may  be  inconclusive  due  to  errors  or  assumptions.  SSH 
changes  in  the  model  simulation  (Fig.  lc)  indicate  an  anomaly  from  Japan  to  Alaska 
similar  to  that  of  the  altimeter  data.  This  suggests  that  the  events  which  give  rise  to  this 
ridge  are  realistically  simulated  in  the  model.  The  decadal  simulation  provides  a  unique, 
continuous,  high-resolution  data  set  which  is  used  to  identify  the  sequence  of  events  which 
generate  the  observed  trans-Pacific  ridge.  An  animation  of  the  model  SSH  variations  from 
1981  to  1993  clearly  reveals  that  these  events  began  in  1982  as  a  result  of  the  El  Nino. 

The  1982-83  El  Nino  was  initiated  by  the  relaxation  and  subsequent  reversal  of  east¬ 
erly  winds  over  the  western  and  mid-Pacific  [9]  which  generated  an  eastward  propagating 
equatorial  Kelvin  wave.  A  Kelvin  wave  is  a  special  class  of  shallow-water  waves  which  occurs 
sdong  the  equator  or  along  coastlines  [10].  The  Kelvin  wave  was  reflected  from  the  American 
continents  as  a  westward  propagating  Rossby  wave,  a  class  of  waves  which  depend  on  the 
sphericity  and  rotation  of  the  Earth  (Fig.s  2  and  3).  The  Rossby  wave  reflection  process 
and  initial  westward  propagation  in  response  to  the  1982-83  El  Nino  have  been  simulated 
by  other  ocean  models  [11].  The  subsequent  propagation  of  the  El  Nino-generated  Rossby 
wave  across  the  entire  North  Pacific  is  summarized  in  the  panels  of  Figure  3. 
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The  implications  of  these  results  are  far  reaching  and  unanticipated.  Up  to  now, 
propagation  of  a  Rossby  wave  across  the  Pacific  Ocean  at  these  high  latitudes  has  never 
been  demonstrated.  Comparison  of  the  Geosat  altimeter  data  at  30°N  with  model  results 
verifies  the  wave’s  trans-basin  journey  (Fig.  4).  Rossby  waves,  observed  at  the  coast  of  the 
American  continents  [12, 13],  were  not  anticipated  to  propagate  an  appreciable  distance  into 
the  basin  as  coherent  structures.  The  energy  of  the  wave  was  expected  to  cascade  to  smaller 
scales  (i.e.,  the  wave  would  dissipate  into  eddies)  and  not  to  propagate  as  far  as  Hawaii  at 
this  latitude.  However,  our  observations  and  simulations  indicate  that  the  Rossby  wave  not 
only  remained  intact  as  far  as  Hawaii,  but  continued  across  the  basin  and  is  coherent  well 
over  a  decade  later.  The  Rossby  wave  generated  by  the  1982-83  El  Nino  exists  today  in  the 
northwest  corner  of  the  Pacific  Ocean. 

Additional  evidence  of  the  wave  is  indicated  by  a  positive  dynamic  height  anomaly 
observed  in  hydrographic  data  south  of  Japan  at  137°E  [14].  The  anomaly  moves  from 
18°N  in  1984  to  almost  30°N  in  1989  which  agrees  well  with  the  movement  of  the  Rossby 
wave  in  Figures  3  and  4.  Thus,  the  Rossby  wave  propagating  from  North  America  to  the 
Kuroshio  Extension  is  observed  in  both  the  model  and  the  ocean.  Two  additional  ocean 
model  simulations  were  performed  to  help  isolate  the  decadal  effects  of  the  1982-83  El  Nino. 
One  simulation  was  initialized  in  1984  after  the  El  Nino  and  shows  the  absence  of  the 
El  Nino-generated  Rossby  wave  at  30°N  (Fig.  4c).  The  other  experiment  starts  in  1981, 
includes  the  1982-83  El  Nino,  but  wind  forcing  reverts  to  climatology  in  1984  to  exclude 
subsequent  wind  forced  anomalies.  It  shows  the  Rossby  wave  (Fig.  4d),  and  because  no 
knowledge  of  the  ocean  or  atmosphere  after  1982  was  used,  it  demonstrates  the  potential 
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for  decadal  predictions  of  El  Nino- generated  Rossby  waves  and  their  effects. 

In  the  model,  the  Rossby  wave  produces  a  significant  geostrophic  velocity  anomaly 
of  approximately  10  cm/sec  in  the  upper  ocean  as  the  wave  passes  through  the  Kuroshio 
Extension  in  1991.  The  geostrophic  flow  induced  by  the  trailing  edge  of  the  Rossby  wave 
reduces  the  flow  of  the  Kuroshio  Extension  along  35°N.  The  leading  edge  of  the  Rossby 
wave  induces  an  eastward  velocity  perturbation  near  40°N.  The  result  is  a  routing  of  a 
portion  of  the  Kuroshio  Extension  transport  to  about  40°N  during  1991  and  subsequent 
years.  During  1991  the  largest  SST  anomalies  are  found  north  of  the  Kuroshio  Extension 
coincident  with  the  maximum  Rossby  wave  effects  on  the  current.  These  anomalies  reach 
a  peak  of  over  1°C  above  climatology.  After  the  Rossby  wave  propagates  to  the  northwest, 
the  geostrophic  perturbations  on  the  Kuroshio  Extension  abate,  the  Kuroshio  Extension 
returns  to  its  climatological  latitude,  and  the  anomalous  SSTs  begin  to  disappear. 

Corroboration  of  these  events  is  provided  by  satellite  IR  frontal  analyses  [15]  which 
indicate  a  northward  displacement  of  the  Kuroshio  Extension  in  1990-91  and  a  southward 
displacement  from  1991-93.  In  1992-93  the  Rossby  wave  forms  a  ridge  of  high  SSH  from 
Japan  to  Alaska  (Fig.  3c).  The  results  presented  here  indicate  that  the  events  giving  rise 
to  the  trans-Pacific  SSH  ridge  and  SST  anomaly  in  1991-92  originated  with  the  1982-83  El 
Nino.  Thus,  the  oceanographic  effects  of  a  major  El  Nino  have  extratropical  and  decadal 
components. 

Climatological  effects  associated  with  warm,  tropical  SST  anomalies  during  major  El 
Nino  events  are  well-documented  [16].  Surprisingly,  the  SST  anomalies  which  we  observe 
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at  much  higher  latitudes  across  the  North  Pacific  are  of  the  same  amplitude  and  temporal- 
spatial  extent  as  those  observed  in  the  tropics  during  major  El  Nino  events.  At  higher 
latitudes,  significant  statistical  relationships  between  SST  anomalies  in  the  Pacific  ocean 
and  weather  patterns  over  the  North  American  continent  have  been  found  [17].  Thus,  it  is 
possible  that  the  1982-83  El  Nino  still  has  important  effects  on  the  climate  in  1993.  Stated 
succinctly,  the  1982-83  El  Nino  is  not  over:  its  effects  have  moved  from  South  America  to 
the  northwest  across  the  Pacific  Basin.  This  Rossby  wave  should  continue  to  propagate 
across  the  far  northwest  comer  of  the  North  Pacific  Basin  for  at  least  another  decade  and 
continue  to  affect  the  circulation  of  the  North  Pacific. 

The  deterministic  nature  of  the  processes  which  we  report  indicates  that  the  ocean  is 
not  wholly  chaotic  and  unpredictable  even  over  basin  and  decadal  scales.  Relatively  simple 
planetary  wave  dynamics,  the  numerical  models  which  include  them,  and  globsil  satellite 
data  sets  provide  the  necessary  and  timely  tools  for  long-term  oceanic  predictions  (Fig.  4). 
Finally,  we  note  that  these  long  time  scale  events  imply  that  attempts  to  determine  the 
climatological  or  average  state  of  the  oceans  (a  major  component  of  Earth’s  climate)  will 
require  monitoring  of  the  ocean  circulation  over  decadal  time  scales.  This  is  indeed  a  major 
task  which  will  require  synergistic  use  of  numerical  ocean  models  and  continuous  satellite 
monitoring  for  a  complete  understanding. 
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1  Figure  Captions 


Fig.  1:  (a)  Change  in  SSH  from  the  Geosat-ERM  (Nov  86  -  Oct  89)  to  ERS-1  (Apr  92  -  Mar 
93).  The  color  bar  indicates  changes  from  -15  to  15  cm.  The  climatological  position  of  the 
Kuroshio  Extension  [18]  is  plotted  so  that  the  positions  of  the  features  may  be  compared. 
Large  scale  circulation  in  the  oceans  is  approximated  by  the  geostrophic  relation  which 
implies  that  water  flows  along  lines  of  constant  height  with  higher  SSH  to  the  right  when 
facing  downstream.  Thus,  changes  in  SSH  are  related  to  changes  in  ocean  circulation.  The 
high  SSH  anomaly  north  of  the  Kuroshio  Extension  at  175°E  indicates  a  northward  shift 
of  a  portion  of  the  Kuroshio  Extension’s  transport,  (b)  Deviation  of  SST  averaged  over 
Apr  92  -  Mar  93  from  a  mean  over  1985-92.  Data  are  supplied  by  infrared  radiometer 
satellites  [7].  The  color  bar  indicates  anomalies  from  -1  to  1°C.  The  high  SST  anomaly 
extending  from  Japan  eastward  at  about  40°N  is  just  north  of  the  SSH  anomaly  in  la  as 
would  be  expected  by  the  circulation  changes  implied  by  la.  (c)  Change  in  model  SSH 
from  the  time  of  the  Geosat-ERM  (Nov  86  -  Oct  89)  to  the  ERS-1  time  frame  (Apr  92  - 
Mar  93).  These  are  the  same  time  periods  as  covered  by  the  altimeter  satellites  in  (a)  A 
ridge  of  SSH  extends  from  Japan  to  the  Gulf  of  Alaska.  Figure  1c  is  provided  by  a  6-layer, 
l/4°resolution,  primitive  equation  ocean  model  [19,  20,  21]  of  the  global  ocean  circulation. 
This  model  is  based  upon  conservation  of  momentum  and  mass  and  has  current  velocity, 
ocean  pressure,  and  SSH  as  variables.  The  boundary  follows  the  200  m  isobath.  This 
simulation  is  forced  only  be  winds  and  is  spun  up  to  statistical  equilibrium  by  forcing  with 
the  Hellerman  and  Rosenstein  wind  stress  climatology  [22].  Subsequently,  the  model  is 
forced  from  1981  to  1993  with  daily  1000  mb  winds  derived  from  the  European  Centre  for 


7 


Medium-Range  Weather  Forecasts  (ECMWF)  with  the  annual  mean  replaced  by  that  of 
Hellerman  and  Rosenstein[2l].  The  model  reproduces  all  of  the  major  current  systems  of 
the  North  Pacific  including  the  equatorial  currents  and  the  Kuroshio  Extension  [21]. 

Fig.  2:  (a)  Model  SSH  deviation  in  Aug  1982  from  a  mean  over  Jan  81  -  Dec  92.  The 
SSH  high  along  the  equator  and  along  the  coast  of  the  American  continents  is  a  signature 
of  the  1982-83  El  Nino  event  caused  by  an  eastward  propagating  equatorial  Kelvin  wave. 
The  initial  equatorial  Kelvin  wave  at  the  onset  of  El  Nino  has  been  studied  analytically 
[23]  and  numerically  [24,  25].  The  trans-basin  eastward  propagation  of  the  equatorial  wave 
requires  about  2  months  to  reach  the  South  American  coast,  leaving  in  its  wake  the  positive 
SSH  anomaly  extending  westward  to  the  central  Pacific,  (b)  Model  SSH  deviation  5  months 
after  the  time  of  Figure  2a.  Upon  reaching  South  America,  the  equatorial  Kelvin  wave  gen¬ 
erates  poleward  propagating  coastal  Kelvin  waves  along  the  western  coasts  of  the  Americas. 
The  SSH  high  along  the  equator  diminishes  significantly,  but  coastal  Kelvin  waves,  which 
propagated  up  the  North  American  coast,  leave  a  high  in  SSH  along  the  entire  coast.  The 
increase  in  SSH  along  the  coast,  associated  with  the  passage  of  the  coastal  Kelvin  waves,  is 
visible  as  far  as  the  Gulf  of  Alaska.  Historically,  in  response  to  other  El  Nino  events,  coastal 
Kelvin  waves  have  been  observed  to  propagate  along  the  coast  of  North  America  as  far  as 
the  Aleutian  Islands  [26].  (c)  Model  SSH  deviation  9  months  after  the  time  of  Figure  2a. 
The  high  SSH  along  the  North  American  continent  begins  to  peel  away  from  the  coast  as  a 
westward  propagating  Rossby  wave. 

Fig.  3:  Model  SSH  is  averaged  over  one  year  to  reduce  short  time-scale  variability 
(a:  over  Mar  84  -  Feb  85,  b:  over  May  87  -  Apr  88,  c:  over  Apr  92  -  Mar  93),  and  the 
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11  year  model  mean  SSH  is  subtracted.  The  Rossby  wave  SSH  ridge  is  indicated  by  the 
dashed  line,  (a)  Model  SSH  deviation  2  years  after  the  1982-83  El  Nino.  The  Rossby  wave 
shown  in  Figure  2c  has  propagated  away  from  shore,  (b)  Model  SSH  deviation  5  years 
after  the  1982-83  El  Nino.  The  Rossby  wave  extends  from  Taiwan  to  the  Gulf  of  Alaska. 
The  decrease  in  Rossby  wave  phase  speed  with  increasing  latitude  causes  bending  of  the 
wave  front  [12].  At  the  northern  end,  the  wave  propagates  very  slowly.  Five  years  after  the 
1982-83  El  Nino  high  SSH  is  still  observed  near  the  northwest  coast  of  North  America.  At 
the  same  time,  the  southern  end  of  the  wave  has  already  swept  past  the  Hawaiian  Islands, 
(c)  Model  SSH  deviation  10  years  after  the  1982-83  El  Nino.  The  Rossby  wave  has  moved 
to  a  position  extending  from  Japan  to  Alaska. 

Fig.  4:  SSH  variations  along  30°N  from  Japan  to  north  of  Hawaii  (a)  from  the  Geosat 
altimeter  mission  and  (b)  from  the  model  over  November  1986  to  July  1989.  The  mean  SSH 
from  140°E  to  160°W  at  each  point  in  time  has  been  removed  to  reduce  the  effects  of  the 
annual  steric  anomaly  due  to  seasonal  heating  and  cooling  of  the  ocean  surface.  The  dashed 
line  indicates  the  propagation  of  the  Rossby  wave  generated  by  the  1982-83  El  Nino  across 
the  Pacific  Ocean.  The  propagation  speed  at  30°N  for  the  wave  is  4.9  cm/s  which  is  very 
close  to  the  theoretical  value  of  approximately  5  cm/s  for  a  non- dispersive,  internal  Rossby 
wave,  (c)  In  another  model  experiment,  the  wind  anomalies  which  cause  the  equatorial 
Kelvin  wave  associated  with  the  1982-83  El  Nino  are  removed.  The  equatorial  Kelvin  wave 
and  subsequent  Rossby  wave  never  occur  in  the  model  simulation,  (d)  In  another  model 
experiment,  the  predictive  skill  of  the  model  is  demonstrated  by  forcing  with  observed 
winds  only  over  the  period  1981-84  and  climatological  winds  afterward.  The  equatorial 
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Kelvin  wave  results  and  the  Rossby  wave  chain  of  events  occurs.  Thus,  this  phenomena  is 
predictable  on  decadal  scales. 
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TASK  C: 

SSAR  DEVELOPMENT 


March  Retrieval  Cruise 

The  Standard  version  of  the  SSAR  prototype  was  deployed  for  a  long  term  test  on 
November  5,  1993  about  50  miles  offshore  Bermuda.  It  made  a  big  loop  to  the  south  and 
then  drifted  close  to  the  island  about  a  month  later.  It  was  retrieved  on  December  5, 
checked  for  damage,  and  re-deployed  70  miles  east  of  Bermuda  on  December  9.  Figure  C.l 
shows  the  drift  track  for  November  5,  1993  to  March  10,  1994  when  it  was  retrieved 
following  a  failure  in  the  conductors  in  the  hose  section.  Figures  C.2a  and  2b  show  some  of 
the  data  telemetered  during  this  period.  These  results  confirm  our  earlier  analytical  analysis 
of  the  forces  experienced  by  the  Standard  SSAR  where  maximum  tensions  are  of  the  order  of 
1500  lbs. 

Following  retrieval  of  the  SSAR,  the  system  was  inspected  for  damage,  corrosion,  or 
other  problems.  The  conductor  failure  was  caused  by  abrasion  of  the  conductor  assembly  by 
the  inner  hose  wall  where  the  conductors  were  attached  to  the  stop  rope  (Figure  C.3).  The 
conductor  assembly  was  longer  than  the  stop  rope  and  this  excess  length  caused  hockles  to 
form  at  the  attachment  points  which  led  directly  to  the  abrasion  problem.  There  was  no 
noticeable  abrasion  on  die  stop  rope  itself.  In  hindsight,  had  we  been  less  conservative  on 
the  length  of  the  conductor  assembly,  this  problem  would  not  have  occurred.  The  conductor 
assemblies  for  the  operational  units  have  been  re-designed  and  are  described  below.  The 
only  other  damage  to  the  SSAR  during  the  4-month  test  was  caused  by  fish  or  shark  bites  on 
the  hose  section.  These  bites  were  in  the  form  of  cuts  a  few  inches  long  or  punctures.  None 
were  deep  enough  to  penetrate  the  hose,  but  some  did  cut  deep  enough  to  damage  the  Kevlar 
cords  designed  to  help  protect  against  fishbite  (Figure  C.4).  No  loss  of  internal  pressure 
resulted  from  the  cuts  nor  were  the  hoses  weakened  since  the  Kevlar  cords  act  to  prevent  the 
propagation  of  cuts. 

Final  Hose  Designs 

The  final  design  for  the  stop  rope/conductor  assembly  is  shown  in  Figure  C.5.  It  is 
used  in  both  Standard  and  Snubber  designs.  It  consists  of  an  inner  strength  member  of 
Vectran  line  (RBS= 16,000  lbs),  8-24  gauge  conductors  helically  wound  around  this  core  and 
held  in  place  with  a  polyester  braid,  and  a  thick,  abrasion  resistant  Spectra  braid  covering  the 
entire  assembly.  It  is  terminated  by  eye-splicing  around  a  thimble  at  each  end  of  the  hose 
with  the  conductors  led  out  of  the  assembly  below  the  splice.  The  stop  rope  is  made  so  that 
the  hoses  can  stretch  20%  before  the  rope  begins  to  take  the  load.  Eight  conductors  are  used 
to  provide  redundancy  for  the  three  signal  wires  and  for  a  temperature  sensor  located  at  the 
bottom  of  the  hose. 

Figure  C.6  shows  the  final  designs  for  the  Snubber  hose.  The  Standard  hose  is 
similar  but  has  an  ID  of  4  inches  and  a  length  of  50  feet.  Three  hoses  of  each  type  have 


been  ordered  for  the  initial  SSAR  production  with  a  decision  on  additional  hoses  put  off  u 
we  collect  acoustic  data  in  the  ocean  and  determine  if  one  design  is  significantly  better  tha 
the  other.  Figures  C7  and  C8  show  the  final  SSAR  designs  for  the  production  units. 

Fatigue  Testing  of  Hose  Assemblies 

The  fatigue  testing  of  short  hose  assemblies  has  continued  at  TMT’s  tests  facility. 
These  hoses  are  Snubber  designs,  but  the  results  are  applicable  to  the  Standard  design  wit! 
appropriate  scaling.  Following  the  early  failure  of  the  first  two  test  hoses,  a  third  short  h 
was  built  with  increased  wall  thickness  near  the  ends  and  more  carefully  tapered  cord 
segments  to  minimize  stress  concentrations.  This  hose  also  incorporated  the  required 
electrical  conductors  within  the  rubber  hose  wall  as  a  way  of  providing  protection  for  the 
conductors.  This  design  required  a  new  design  for  the  end  fittings  so  that  the  conductors 
could  safely  exit  the  hose  at  the  ends.  The  new  design  covered  the  steel  end  fittings  with 
vulcanized  rubber  and  ran  the  conductors  inside  this  rubber  layer. 

A  test  plan  for  this  hose  was  prepared  after  an  analysis  of  the  SSAR  forces  that  ar< 
expected  under  severe  sea  conditions.  This  analysis  concluded  that  maximum  tensions  in 
Snubber  hose  would  be  about  800  lbs.  A  test  that  alternately  tensioned  the  hose  from  50- 
lbs  every  4  seconds  was  then  begun.  At  the  bottom  end  the  hose  end  was  flexed  ±  30° 
every  three  seconds.  A  test  success  was  defined  as  500,000  cycles  without  serious  damag 
this  being  about  10%  of  the  number  of  cycles  a  SSAR  will  see  in  one  year,  but  perhaps  1 
times  the  number  of  times  a  tension  maximum  will  be  experienced. 

The  test  was  begun  on  March  9,  1994  and  500,000  cycles  were  completed  on  Apr 
(Tables  Cl  and  C2).  At  this  time,  tension  was  increased  to  cycle  from  30-1300  lbs.  At 
640,000  cycles,  the  stop  rope  was  removed  to  more  fully  stress  the  hose.  At  710,000  cy< 
the  hose  suffered  a  sudden  non-catastrophic  1/4  inch  length  increase.  As  of  April  20,  tht 
hose  had  successfully  survived  950,000  cycles  in  flex  and  630,000  cycles  in  tension  with< 
failure  with  almost  half  of  these  cycles  at  tensions  60%  higher  than  the  maximum  anlicip. 
loads.  Unfortunately,  the  conductor  in  the  wall  design  did  not  fare  as  well.  Complete 
conductor  failure  occurred  at  144,000  cycles  with  partial  failure  as  early  as  3500  cycles. 
Conductor  failure  mode  is  not  well  understood  at  this  time  and  will  await  x-ray  analysis  i 
dissection  of  the  test  hose.  The  most  likely  cause  of  conductor  failure  is  z-kinking  of  the 
copper  during  the  tension  cycle.  The  use  of  a  more  compliant  conductor  construction  sh< 
eliminate  this  problem.  Our  conclusion,  however,  is  that  design  improvements  will  havt 
wait  and  that  to  be  safe  we  should  stick  with  the  combined  stop  rope/conductor  assembly 
design  for  the  first  operational  SSARs. 

Testing  of  the  Ultrashort  Baseline  Acoustic  Navigation  System 

Two  important  test^of  the  ultrashort  baseline  (USBL)  acoustic  navigation  system  v 
completed  this  quarter.  In  the  first  the  USBL  acoustic  array  was  calibrated  in  a  special 
acoustic  calibration  facility  at  O.R.E.,  Inc.  The  calibration  measures  the  sensitivity  and 
accuracy  of  the  array  in  determining  the  bearing  and  azimuth  of  a  sound  source.  Figure 
is  an  example  of  the  test  results  which  shows  true  angle  versus  measured  angle  for  360°  < 


TABLE  Cl 


TEST  OF  HOSE  ASSEMBLY  Cl 

Data  Recorded  During  Norma!  Cycling 


Da 


03-09-64 

0349-94 

03-09-94 

03-10-94 

03-11-94 

03-12-94 


03-17-94 


03-16-94 


03-19-94 

03-20-94 


03-21-94 


03-23-94 

03-24-94 

03-25-94 


1100  !  70 


0725 

0614 

0705 


Bending  Range, 
Cycles  pounds 


50  -  800 


167,453 


166.474 


191,530 

21«'9«0 

247.138 

272,173 


04-02-94 

04-03-94  1 1056  DST  |  357,640 


482,860 

510,000 


04-06-04  1652 

04-09-94  0648 


04-09-94 


04-09-94 
04-09-94 
04-10-94 
04-11-94 
04-12-94 
04-13-94 
04-14-94 
04-15-94  ( 
04-16-94  0710 

04-16-94  0640 

04-19-94  0622 

04-20-94  0715 


436.780 

436,890 

437.390 
453,535 
471,440 
490,795 
508,200 

526.390 
541.576 
559,320 
594,290 

612.390 
631 .470 


50  -  800 


30-1300 
30-1300  1  -15,6 

35-1340  12.9-15.6 
35-1290  12.9-  1 5.6 1 
35-1285  13.0-15.8 


40-1320 


-15.9 


-16.3 


12.8-16.1 


13.4-18.9 


14.6-19.4 


15.5-21.1 

15.7-21.3 


Comments 

Start  bend  cycling 

Conductor  resistance  changing 

- - 

Conductor  open  at  high  tension 

All  conductors  but  one  intermittent 

Equipment  failure  and  hose  damage 
Restart  test  ~ 


All  conductors  open 


End  of  flrat  phase  of  test 


[Running  at  higher  tension  range 


3-41 

3-42 

'3-42 


_4  -  56  JStretCh  rope  removed.  Tension  reduced. 
4-53  .  . 


5-  65  Tension  Increased 
5-79  Tension  increased 


Table  C2:  Conditions  and  results  of  hose  flex  and 
tension  fatigue  cycling  tests. 


TEST  RESULTS 

HOSE  SAMPLE  #1 

HOSE 

SAMPLE  n 

HOSE  WITH 
CONNECTO 
RS,  SAMPLE 
#C1 

Min  and  Max  Load 

0-1,800  lbs 

0-1,300  lbs 

50-8001bs 
510,000  - 

cycles; 

50-1300+  lbs 

490,000 

cycles 

Load  Cycle  Duration 

10  sec 

9.5  sec 

4  sec 

Elongation*  at 
Maximum  Load 

50% 

42.5% 

With  Stop 

Rope:  -40% 

Flex  Angle 

45° 

25° 

30° 

Duration  of  Flex 

Cycle 

3  sec 

2.5  sec 

2.5  -  3  sec 

Fill  Fluid  Pressure  at 
Max  Tension 

220  psi 

105  psi 

65  psi 

Load  Cycles  till 
Failure 

4,152 

9,878 

Still  func¬ 
tioning  at 
631,470 

Flex  Cycles  till 

Failure 

13,761 

39,546 

Still  func¬ 
tioning  at 
1,000,000 
flex  cycles 

Failure  Type  and 
Localization 

Burst  failure  at  end  of 
steel  coupling. 
Reinforcement  intact. 

1/4"  burst  at 
taper  of  extra 
rein¬ 
forcement; 
hose 

otherwise 

intact. 

Test  stopped 
conductor 
failure  after 
17,000- 
144,000  flex 
cycles 

ongaUon  measured  in  compliant  section  of  test  hoses  at  load  cycle 


Latitude  (Degrees) 


Standard  Buoy  Drift  Track  from  November  trough  March  1994 


294  295  296  297  296  299  300 

Longitude  (Degrees) 


Figure  Cl 


Drift  track  of  the  Standard  SSAR  prototype 
from  5  November  1993  to  10  March  1994 


Tension  below  Buoy  Tension  below  Buoy 


o  320  330  3*0  350  300  0  10  20  30  <0  SO  60 

Day  ol  Year  Day  of  Year 

Figure  C2a:  Data  from  the  Standard  SSAR  during  the  Figure  C2b:  Data  from  the  Standard  SSAR  during  the 

long  term  drift  test.  >°"8  term  dnft  “*• 


Formation  of  kinked 
conductor  rope  loop 


Closeup  of  kink  loop 
with  abraded  outer  braid, 
insulation,  and  conductors 


Figure  C3  Stop  Rope/Conductor  Rope  Assembly,  with  conductor 
rope  abrasion  damage  after  4  months  sea  service. 


Lower  jaw  teeth  impressions  (random  shape  incisions,  less 
deep  than  upper  jaw  cuts) 


Figure  C4  Hose  from  the  Standard  SSAR  showing  evidence 
of  fishbite  damage 


(X)  VECTRAN  HS  ROPE,  16,000  LBS  STRONG,  0.375"  DIA. 

(2)  Polyester  overbraid  (bedding  -surface  for  conductor  layer) 

(3)  Polyethylene  extruded  filler,  0.08"  diameter 

(4)  Compliant  AWG#24  copper  conductors  [8]  with  heavy  insulation 

(5)  Heavy  Spectra  braided  outer  jacket  as  abrasion  protection 


Figure  C5  Redesigned  conductor  stop  rope  for  SSAR  Snubber 
and  Standard  production  hoses 


Bj  ^/7)  STANDARD  OFFSHORL  fUU  HOSL  COUPUNC 


Figure  C6 


Final  Design  for  Production  Snubber  Hose 
(Outer  diameter  4.0",  lenqth  98  ft) 
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Figure  C7 


Final  design  for  the  Standard  SSAR 
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Figure  C8 


Sinker  Weight 


Final  design  for  the  Snubber  SSAR 


Raw  xyz  data  converted  to  az-el 
903 


270 

polp!ot(allpos(1 :1 850,1 :3)>-0.04,0.04,4,3); 


Figure  C9a: 


Calibration  plot  of  first  short  baseline  transducer.  Two 
inclination  angles  are  shown,  0  and  2  degrees.  Sample 
points  are  taken  at  two  degree  increments  around  the 
circle  from  0  to  358  degrees.  The  slight  offset  of  the 
circles  toward  the  lower  left  is  due  to  a  constant  phase 
shift  at  the  analog  front-end  which  was  not  removed 
before  this  plot  was  made. 


oreca!2,  sblcal3-6,  New  transducer 


270 


Figure  C9b:  Calibration  plot  of  second  short  baseline  transducer  with 

an  improved  (lower  noise)  analog  front-end.  Data  is 
taken  at  4  degree  increments  from  0  to  356  degrees. 
This  transducer  has  larger  spacing  between  elements 
which  increases  system  resolution. 


Buoy  and  array  positions  in  Range  Coordinates 


Start:  22:1.3 

z . 

End: 

03:24  Z 

X  (meters) 


xIO 


Figure  CIO:  Drift  track  for  the  SSAR  buoy  during  the  tracking 

experiment  at  the  AUTEC  range.  Buoy  and  array  tracks 
are  shown.  At  the  start,  the  array  is  tracked  on  the 
surface  until  the  floats  holding  it  are  removed  and  it  is 
allowed  to  fall  into  position  below  the  buoy. 


Y  (mlrers) 


Relative  x-y  for  Buoy-Array  from  Range  Track  data 


Figure  Cll: 


AUTEC  range  position  data  showing  location  of  the 
surface  buoy  relative  to  the  lower  pressure  case  (at  0,0) 
during  the  3-hour  test  period  on  April  14,  1994. 
Variations  in  the  pattern  are  tests  with  the  ship  used  to 
pull  the  buoy  into  different  positions  with  respect  to  the 
array  below. 
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Figure  C12:  Task  C  Schedule 


Appendix  A: 


SSAR  Cruise  Report,  March  9-12,  1994. 


SSAR  Recovery  Cruise  Report 
Bermuda,  March  9  -  12,  1994 


March  9 

Alex  Bocconcelli  and  Larry  Costello  arrived  at  BBSR  at  1300.  The 
ROF  antenna  was  promptly  mounted  and  the  deck  gear  box  loaded. 
After  receiving  an  update  buoy  position  from  WHOI  the  ship  left 
the  dock  (1500  local  time).  An  SSB  communication  schedule  was 
agreed  upon  with  Ed  Denton  and  the  SSB  link  was  checked 
sucessfully  once  offshore. 

March  10 

At  0400  the  Argos  RDF  was  switched  on  and  the  searchlights  turned 
on  as  we  approached  the  buoy  estimated  position.  At  0445  the 
first  signal  was  received  and  seven  minutes  later  the  buoy  was 
spotted  on  the  starboard  side  at  about  50  feet  from  the  bow. 
Recovery  began  at  0640  with  daylight  and  it  was  concluded  at  0745 
with  all  drifting  array  components  on  deck.  At  this  time  sea  and 
wind  conditions  were  as  follows:  wind  25-30  knots  from  the  SE 
and  sea  state  5/6  (SE).  At  2245  the  ship  docked  at  the  BBSR 
pier. 

March  11 

Unloading  operations  began  at  0800  and  ended  at  0930.  After  this 
we  began  a  close  inspection  of  all  the  components  and  testing  of 
batteries,  EM  cable  and  hose  (see  attached  test  schedule).  The 
open  circuit  was  found  inside  the  hose  which  was  therefore 
drained  and  opened  in  order  to  recover  the  faulty  EM  rope/stopper 
rope  assembly. 

Test  results  are  as  follows: 

Hose  continuity  test: 

Pin  1  :  15.1  Ohms 

Pin  2  :  7.10  KOhms 

Pin  3  :  open 
EM  cable  continuity  test: 

Pin  1  :  10.3  Ohms 

Pin  2  :  10.2  Ohms 

Pin  3  :  10.3  Ohms 

Battery  voltages: 

Apirb  :  13.69  Volts 


Top  batt:  14.41  Volts 
Epack  :  14.39  Volts 

The  batteries  were  stored  in  a  refrigerator  in  the  BATS 
laboratory.  Electronics,  endcaps  and  RDF  were  hand  carried  back 
to  WHOI .  The  buoy,  Epack  pressure  case,  EM  cable,  and  hose  were 
left  in  storage  at  BBSR. 

March  12 

We  left  BBSR  and  arrived  at  WHOI  at  1700  and  unloaded  the  hand- 
carried  equipment.  One  gear  box  was  airshipped  back  to  Dave 
Simoneau  lab. 


Appendix  B: 


AUTEC  Cruise  Report,  April  8-17,  1994 


SSAR  AUTEC  Cruise  Report 
Andros  Island  -  Tongue  of  the  Ocean 
April  8-17, 1994 


April  8th,  Friday 

0700  Depart  for  Logan,  West  Palm  Beach  and  Andros  Island. 

1800  Arrive  Andros  Island  and  transport  gear  to  work  area  in  RUB-4  building  near  docks 
at  AUTEC.  Frank  Hardy  (Program  Engineer)  and  Marc  Ciminello  (Program  Manager) 
meet  group  at  airport  and  help  with  equipment,  check-in  at  housing,  base  overview,  etc. 

Unpack  and  setup  computers  and  lab  equipment  Quick  checkout  of  buoy  and  array  elec¬ 
tronics. 

April  9th  Saturday 

Finish  unpacking  of  electronics  and  sensors.  Buoy,  pressure  cases  and  cable  unpacked  and 
checked.  Loaded  batteries  in  pressure  cases.  Ran  wires  from  bottom  endcaps  through  bat¬ 
teries.  Tested  tilt  sensors  and  calibrated  for  offset  and  scale  factor  corrections.  Reviewed 
all  SBL  system  setup  parameters. 

Vessel  to  be  used  is  an  LCU,  #1647  with  bow  ramp.  Source  is  deployed  off  port  side  near 
the  stem  with  large  crane.  Source  weighs  about  3000  lbs  and  has  Pengo  winch  for  cable. 
Max  depth  is  350  feet.  Source  is  bender  bar  from  Honeywell  (now  Allient  Tech)  built  in 
about  1983. 

April  10th  Sunday 

Mechanical  systems  checkout  and  test  assembly  complete  by  mid-day  and  ready  for  load¬ 
ing.  SBL  checkout  and  testing  continues.  Built  4  by  6  foot  frame  for  mounting  pinger  and 
SBL  array  for  testing  dockside. 

0900  meeting  at  CC  building  to  review  use  of  PARGOS  real-time  range  data  telemetry 
system.  Desired  parameters  include  x,  y  and  z  differences  between  buoy  and  array  pingers. 
Data  output  is  in  range  coordinates  (yards).  Gear  will  be  installed  Tuesday  morning  by 
AUTEC  technicians.  - 

Carter  Ackerman  arrives  with  m-sequence  generator  on  noon  flight. 

Tomo  front-end  testing  with  new  analog  front-end  but  old  A/D  converter  card.  Baseline 
equivalent  noise  is  about  75  dB  re  uPa  per  root  Hertz.  Expected  ambient  noise  is  about  the 
same  so  this  may  be  adequate.  Encounter  problem  when  installing  A/D  in  target  system. 
Possible  software  incompatibility  with  DMA  and  disk  access.  Configuration  is  slightly 
different  than  lab  tests.  Will  use  a  different  program  (interrupt  based)  to  collect  data. 
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April  11th  Monday 


Surface  electronics  loaded  in  buoy  and  sealed  in  RUB-4  building  which  is  air-conditioned. 
Heavy  equipment  loaded  on  LCU:  Pengo  winch  for  E/M  cable,  buoy,  electronics  pressure 
case  and  other  mooring  gear.  Equipment  shack  loaded  on  deck  and  E/M  cable  spooled  to 
Pengo  winch.  Packed  all  electronics  and  computers  and  moved  into  shack  aboard  the 
LCU.  Vessel  moved  to  dock  in  front  of  Marine  Operations  building  and  turned  winch  side 
out  for  dockside  testing. 

Made  decision  to  run  tracking  test  and  source  data  acquisition  sequentially  without  recov¬ 
ering  and  reconfiguring.  This  will  reduce  deck  operations  considerably.  Space  aboard 
LCU- 1647  is  tight  and  deployment  must  be  done  over  the  side  because  other  equipment  is 
installed  on  stem  of  vessel. 

1330  pre-test  briefing  with  range  personnel,  LCU- 1647  crew  and  technicians  for  MAXI- 
SATS  acoustic  source.  Schedule  calls  for  tracking  and  source  ops  on  Tuesday  with 
Wednesday  as  contingency.  Weather  is  noted  as  potential  problem.  Winds  are  about  20 
knots  and  seas  are  3-6  feet.  LCU- 1647  has  4  foot  draft. 

Hiab  Seacrane  winch  used  dockside  to  hang  frame  with  pinger  and  SBL  receive  array.  Test 
cables  run  to  electronics  package  inside  van.  Testing  completed  and  final  parameters  pro¬ 
grammed  for  tracking  tests.  Mounting  bracket  for  WATT  pinger  installed  on  subsea  pres¬ 
sure  case  by  AUTEC  technicians. 

M-sequence  generator  installed  in  MAXIS  ATS  van  and  connected  to  acoustic  source. 
Source  signal  schedule  prepared  and  presented  to  MAXIS  ATS  support  group.  Signals  set¬ 
tled  on  include  20  ms  pulses,  50-100  Hertz  up  and  down  FM  sweeps,  and  m-sequences. 
Most  source  signals  will  be  m-sequences  of  varying  bandwidths  and  codes. 

April  12th  Tuesday 

Depart  dock  for  tracking  site  about  0700.  Wind  is  still  about  18-24  knots.  Clear  of  harbor 
waves  are  about  3-5  feet.  After  about  1  hour  transit  the  captain  turns  into  the  trough  and 
slows  the  vessel.  Roll  is  bad  enough  to  bring  waves  over  the  side.  The  captain  decides  that 
the  weather  is  too  rough  for  the  operation  and  the  ship  returns  to  port  before  1000  hours. 

Took  advantage  of  delay  to  continue  testing  tomo  data  acquisition  system  and  added  data 
feedback  via  ARGOS  for  SBL  test. 

April  13th  Wednesday 

Departure  delayed  because  of  poor  weather.  Wind  is  still  about  20  knots  and  shows  no 
sign  of  changing.  Operations  off  LCU- 1647  not  possible  under  these  conditions.  Start  to 
make  contingency  plans  for  use  of  another  vessel.  Meeting  with  Mark  Ciminello  and  Abe 
Louis  (Program  Engineer).  Various  options  considered  for  carrying  out  experiments  given 
that  the  weather  may  not  change  for  days.  Plan  decided  on  is  to  use  the  R/V  Range  Rover 
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which  is  a  much  larger  vessel  and  will  also  support  the  MAX1SATS  source.  However,  the 
Range  Rover  is  retrieving  a  mooring  and  will  not  return  until  after  1630  Wednesday.  The 
mooring  gear  and  a  stem  roller  must  be  removed  before  the  other  equipment  can  be  load¬ 
ed.  Plans  are  made  to  remove  some  of  the  equipment  from  the  LCU-1647  today,  then 
transfer  it  to  the  Range  Rover  after  its  gear  is  off-loaded.  Tentative  planned  departure  is 
1500  tomorrow. 

Buoy,  winch,  shack  and  other  equipment  removed  from  deck  of  LCU-1647  in  late  after¬ 
noon. 

April  14th  Thursday 

Range  Rover  is  ready  for  loading  about  1000  hours.  Heavy  gear  moved  on  board  includ¬ 
ing  MAXIS  ATS  equipment  van  and  our  shack.  MAXIS  ATS  gear  is  tested  and  made  ready. 
PARGOS  radio  gear  and  portable  computer  with  tracking  software  installed  and  tested. 
Departure  is  at  1450  hours  with  two  and  half  hours  transit  to  weapons  range  for  tracking 
exercise  (the  closer  acoustic  range  is  only  an  hour  offshore  but  it  is  in  use). 

Arrive  on  site  at  1730  and  prep  for  deployment.  Weather  is  mostly  clear  with  waves  3-5 
feet  and  wind  15-20  knots.  Deployment  is  to  be  off  the  side  with  the  Hiab  Seacrane  to 
place  buoy  and  hold  sheave. 

1800  Buoy  over  the  side. 

1830  Cable  paying  out.  At  range  coord  12500,  -7590. 

1905  Data  collection  program  started. 

1910  Connections  made  at  subsea  case 

1920  Weight  drop  with  slipstick.  Waiting  for  array  to  settle  under  buoy. 

Switch  to  Zulu  time. 

2340  Pickup  line  on  buoy  from  ship  for  first  pull  during  1st  test  sequence. 

0004  Range  deltas  are:  214,  -151,  415.  (x-y-z  Yards)  Allowing  to  settle 
0030  Ship  position  is  24  22.51  N  77  30.99  W 
Range  deltas  are:  10,  -18,493  Manoeuver  for  second  pull 
0101  Range  deltas  are:  89,  -236,  416 

0141  2nd  test  sequence  begins.  Range  deltas  are:  12,  -25,  493  (angle  is  about  3.5  degrees, 
deep  to  shallow). 

0156  Ship  position  is  24  21.90  N,  77  31.05  W. 
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0207  Range  deltas  are:  75,-148, 460 
0223  Pulling  due  north. 

0234  At  rest.  Range  deltas  are  6, 0, 494.  Pull  again. 

0242  Range  deltas  are  -162,  -69, 455. 

0258  Allowing  to  drift  free.  SBL  data  sequence  finished. 

Notes:  Range  origin  (0,0)  =  24  26’  37.6”  N,  77  38*  6.8” 

Drift  for  buoy  estimated  at  0.23  knots  at  bearing  160. 

Switch  to  Local  Time 

2330  MAXIS  ATS  acoustic  source  in  the  water 

2345  Data  transmission  starts,  begin  approx  3  hour  sequence  while  drifting.  Out  of  range 
of  Argos  RF  at  about  300-400m.  No  feedback  available. 

Ship  noise  measured  at  monitor  hydrophone  at  source  is  109  dB  re  uPa  per  root  Hz. 

0245  Source  off 

0315  Source  on  deck  and  secure 

0320  Begin  transit  to  buoy  (3700  yards) 

0400  Buoy  on  deck  and  cable  coming  up 

0430  Cable  in 

0445  Array  on  deck 

0450  Under  way  back  to  AUTEC  base. 

0500  Check  of  data  on  buoy.  All  SBL  data  present  on  hard  disk.  Waveform  data  looks 
good,  high  SNR.  Computer  has  stopped  after  45  minutes  of  tomo  data  collect.  Possible 
hardware  problem.  Waveforms  collected  look  very  corrupted  with  ship  noise  (data  is  am¬ 
bient  only,  source  was  not  yet  on).  Pulses  from  tracking  pingers  are  also  present  and  clip 
the  receiver. 

0730  Dockside.  Tom  Austin  and  Alex  Bocconcelli  depart. 


April  15tli  Friday 
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0800  Meeting  with  Marc  Ciminello  at  CC  building  to  check  on  availability  of  R/V  Range 
Rover  and  MAXISATS  to  redo  test  for  tomo  equipment.  Possible  concern  about  overlap 
with  submarine  ops  in  range  on  Saturday.  Meeting  with  another  Project  Manger  about 
source  use  on  Saturday.  Conclude  that  there  is  probably  no  problem.  Have  go-ahead  to  do 
test  if  we  desire. 

0900  Discussions  with  Carter  Ackerman  about  format  of  experiment  and  likelihood  of 
success  given  noise  and  computer  failure.  Decide  that  test  is  worthwhile  despite  risks.  Re¬ 
quest  that  the  Range  Rover  is  to  be  rigged  for  quiet  ops  with  100  KW  rubber-tire  deck 
generator.  Examine  some  of  the  data  from  the  buoy.  In  period  between  pings  and  away 
from  noise  bursts  the  standard  deviation  is  -8.4  dB  re  volt  which  is  -69  dB  at  the  input  to 
the  analog  front-end  (integrated  over  the  entire  band).  Equivalent  to  98.6  dB  in  the  water, 
or  about  76  dB  per  root  Hz  (expected  ambient  noise  level  is  about  75  dB  re  uPa  per  root 
Hz).  Thus  basic  performance  appears  OK. 

1100  Replace  PCMCIA  RAM  card  with  2MB  version  (was  a  new  4MB  card)  and  change 
BIOS  to  old  rev  on  processor.  Replace  hard  disk,  interface  and  power  supply.  Install  data 
collect  software  from  old  system  and  begin  testing  in  preparation  for  next  experiment. 
Battery  voltages  for  bottom  side  are  13.9  volts  for  main,  20  volts  for  analog  power  (no 
load). 

1230  Give  go-ahead  to  Marc  Ciminello  to  give  orders  for  12  hour  cruise  tomorrow,  start¬ 
ing  at  0700  or  0800  depending  on  how  far  they  want  us  away  from  the  range. 

1600  Change  ARGOS  antenna  on  buoy  from  patch  (flat)  antenna  to  whip  (vertical)  in 
hopes  of  getting  additional  range.  Shipboard  antenna  is  omni  so  range  is  limited.  Array 
data  collection  program  is  still  operating  fine.  Testing  to  continue  through  evening. 

April  I6th  Saturday 

0700  Final  hardware  check  complete.  Reload  bottom  electronics  in  pressure  case  and  put 
on  deck  and  strap  down.  Position  buoy  and  make  ready. 

0750  Depart  for  24  55.0  N,  77  43.0  W  in  Tango  2  area. 

0920  On-site,  begin  prep  for  deployment  Weather  is  clear,  seas  about  3  feet.  Wind  10-15 
knots. 

1000  Buoy  in  the  water,  waiting  for  it  to  begin  drifting  away. 

1030  Cable  all  out.  Prep  for  pressure  case  and  array  deployment. 

1055  Array  in  water.  Flotation  released  with  no  problem. 

1106  Position  is  24  55.382  N  77  44.932  W 
1112  Range  is  opening  at  about  0.5- 1  knots 


1135  Engines  off,  MAXIS  ATS  deployment  evolution  begins.  Quiet  ship  drill  with  genera¬ 
tor  on  deck. 

1200  MAXISATS  in  water 

1230  Source  on  with  first  waveform  at  max  power. 

1230  -  1545  waveforms  changed  at  least  once  every  15  minutes  to  coincide  with  buoy  col¬ 
lection  timing  (1  8  minute  single  channel  set,  1  2.5  minute  6  channel  set  starting  at  00, 15, 
30  and  45  minutes  after  the  hour). 

1615  Heading  back  to  buoy  (not  in  sight  and  out  of  radio  range).  Est.  range  is  4  nmi. 

1645  Back  at  buoy  after  steaming  along  drift  track.  Buoy  appears  to  have  drifted  about  0.5 
mi  since  launch. 

1705  Buoy  on  deck,  cable  coming  up. 

1720  Pressure  case  on  deck,  array  pulled  in. 

1730  Under  way  back  to  AUTEC  base. 

1900  Dockside. 

1900  -  2200  Packing  equipment 

April  17th  Sunday 

0800  Packing  equipment  continues. 

1000  Unload  heavy  gear  with  crane.  Move  to  warehouse. 

1200  Packing  complete.  John  Bouthillette  and  Carter  Ackerman  leave  on  1230  plane. 
Transport  gear  to  be  airshipped  to  shipping-receiving  and  hand-carry  boxes  to  on-base  ter¬ 
minal. 

1500  At  CC  building  to  pick  up  data  and  documents  from  tests,  including  range  track  data. 
Slight  confusion  about  classification  of  track  data.  Data  is  unclassified  and  paperwork  re¬ 
vised. 

1630  Depart  for  Andros  Is.  Airport. 

1830  Re-group  with  John  Bouthillette  at  W.  Palm  Beach  Airport  for  flight  to  Logan. 


Participants:  Lee  Freitag,  Alex  Bocconcelli,  Tom  Austin,  John  Bouthillette,  Carter  Acker¬ 
man,  PSU. 
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Applied  Research  Laboratories,  The  University  of  Texas  at  Austin  (ARLUT),  is 
tasked  to  provide  Woods  Hole  Oceanographic  institution  (WHOI)  with  a  method  and 
system  for  determining  accurate  positions  of  free  floating  Surface  Suspended  Acoustic 
Receivers  (SSAR).  ARLUT  is  to  provide  guidance  in  the  selection  of  Global 
Positioning  System  (GPS)  equipment,  and  determine  the  best  method  of  obtaining 
SSAR  positions. 


Subtasks  1  and  2:  Evaluate  Available  GPS  Technology  and  Recommend  an 
Appropriate  Receiver 

In  the  first  report  period,  the  Ashtech  Sensor  was  selected  as  the  optimal  GPS 
receiver  for  the  buoys.  During  this  report  period,  ARL:UT  procured  one  Ashtech  Sensor 
for  test  and  evaluation  purposes.  Test  results  verified  that  the  receiver  meets  all 
specifications  and  requirements.  These  subtasks  have  been  completed. 

Subtask  3:  Develop  Receiver  Control  Software 


An  "alpha"  version  of  the  software  was  delivered  to  WHOI  in  mid-July.  The 
software  provided  full  command  and  control  functions  for  the  GPS  receiver.  These 
functions  included  initialization  of  the  receiver  at  the  start  of  each  observation  session, 
receiver  queries  for  necessary  data,  and  writing  data  to  a  buffer.  Development  and 
testing  of  the  deliverable  version  1 .0  of  the  receiver  control  software  will  continue  during 
the  next  quarter.  The  deliverable  software  will  provide  full  command  and  control 
functions  for  the  receiver  in  the  same  way  the  alpha  version  did.  Additionally,  the 
version  1  software  will  perform  all  necessary  pre-transmission  formatting  of  the  GPS 
position  information.  The  output  will  be  a  single  string  that  the  buoy  control  software 
can  read  and  incorporate  into  the  transmitted  message. 
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Subtask  4:  Modify  ARLUT's  Existing  Data  Correction  Capability  For  WHOI  Application 

The  data  correction  facility  (DCF)  is  capable  of  taking  RINEX  (receiver 
independent  exchange)  format  as  input.  Because  the  Ashtech  Sensor  data  can  be 
easily  converted  to  RINEX  via  the  Ashtech  program,  ASHTORIN,  no  functional 
modifications  of  the  existing  DCF  were  required.  Consequently,  the  focus  of  effort  was 
to  verify  the  ability  of  the  DCF  to  process  data  from  the  Ashtech  Sensor.  Converted 
data  collected  at  ARL:UT  and  on  the  test  buoys  were  successfully  processed  through 
the  DCF  to  remove  the  effects  of  selective  availability  (SA).  The  SA  free  pseudorange 
data  were  then  used  to  compute  SA  free  positions.  The  process  is  described  further  in 
the  subtask  5  section  of  this  report. 

As  part  of  this  effort,  WHOI  project  team  members  obtained  the  necessary 
security  approvals  and  briefings  to  conduct  the  processing  described  above. 
Additionally,  ARL:UT  proceeded  with  planning  efforts  to  move  the  DCF  to  a  larger  area 
that  will  also  accommodate  the  Position  Correction  Facility  (PCF). 

Subtask  5:  Develop  Position  Correction  Model 

Typically,  the  pseudorange  data  that  are  needed  to  apply  corrections  for  the 
effects  of  SA  are  obtained  directly  from  a  GPS  receiver.  Due  to  severe  constraints  on 
telemetry  throughput  from  the  buoys,  it  is  not  feasible  to  transmit  the  pseudorange 
data.  Therefore,  the  receiver  computed  buoy  position  will  be  sent  from  the  buoy 
because  it  requires  significantly  less  data.  However,  using  the  position  information 
requires  additional  satellite  orbit  information,  and  additional  postprocessing  is  needed 
to  reconstruct  pseudoranges  equivalent  to  those  used  by  the  receiver  to  compute  a 
position.  The  pseudoranges  are  needed  because  SA  errors  are  manifested  as  range 
errors,  and  the  SA  corrections  must  be  applied  to  correct  the  pseudorange  values.  This 
reconstruction  of  pseudoranges  is  a  unique  requirement  which  requires  implementation 
of  a  new  algorithm  and  development  of  a  software  model. 

Previously,  ARL:UT  collected  sets  of  data  and  began  software  development  of 
the  model  to  verify  that  the  process  was  technically  sound.  During  this  report  period, 
ARL:UT  continued  development  of  the  position  correction  model  software.  The  data 
flow  of  the  model  is  illustrated  in  Fig.  1.  The  process  begins  by  using  observed 
pseudorange  data  from  the  GPS  receiver,  making  the  necessary  conversions  from 
binary  to  Ashtech  and  RINEX  format,  and  computing  a  SA  corrupted  position.  These 
position  data  are  equivalent  to  the  receiver  output  from  the  operational  buoys.  The  SA 
corrupted  pseudoranges  are  then  computed  (reconstructed)  using  the  corrupted 
position  and  the  satellite  ephemerides.  Computation  of  the  reconstructed  ranges 
requires  determining  the  satellite  position  at  the  time  the  signal  is  transmitted  and 
applying  corrections  for  deterministic  errors.  The  satellite's  position  is  known  as  a 
function  of  time  from  the  satellite's  ephemeris.  The  particular  time  epoch  needed  is  the 
transmission  time  of  the  portion  of  the  GPS  signal  that  is  received  and  used  to  generate 
a  pseudorange.  The  GPS  signal  transmit  time  is  determined  by  making  an  initial 
estimate  using  the  receiver  time  tag  and  using  an  iterative  process  to  determine  actual 


Figure  1 :  Range  Reconstruction  Validation  Process 
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transmit  time.  The  satellite  position,  as  well  as  the  slant  range  between  the  satellite 
and  GPS  receiver,  is  then  computed  at  the  actual  transmit  time.  The  deterministic 
errors  include  the  satellite  clock  error,  earth  rotation,  and  atmospheric  effects.  To 
compute  the  satellite  clock  error,  the  drift  of  each  satellite  clock  is  modeled  by  a 
polynomial  whose  coefficients  are  transmitted  as  part  of  the  ephemeris  (navigation) 
message.  The  range  reconstruction  model  applies  the  satellite  clock  correction  based 
on  the  coefficients  that  are  broadcast.  The  model  also  corrects  for  the  error  in  the 
satellite  ranges  due  to  the  rotation  of  the  earth  during  the  signal's  time  of  flight. 
Standard  model  corrections  are  also  applied  for  effects  of  the  ionosphere  and 
troposphere  on  the  GPS  signal. 

After  applying  all  the  necessary  corrections,  the  model  then  solves  for  the 
original  SA  corrupted  position  with  the  reconstructed  pseudoranges.  Data  collected  at 
ARL:UT  with  the  Ashtech  Sensor  were  used  to  evaluate  the  model.  When  using  the  full 
precision  pseudoranges,  the  position  results  were  identical.  The  process  was  also 
performed  using  pseudoranges  rounded  to  the  meter  level.  This  was  done  to  ensure 
that  reducing  the  data  precision  to  minimize  the  number  of  characters  transmitted  would 
not  adversely  affect  the  level  of  accuracy  required  for  the  buoys.  The  differences 
between  the  original  and  re-computed  solutions  using  the  rounded,  meter  level  ranges 
were  less  than  one  meter.  These  results  confirm  that  the  critical  portion  of  the 
algorithm  (i.e.,  transforming  position  solutions  into  GPS  computed  reconstructed 
pseudoranges)  is  valid  and  properly  implemented. 

Data  collected  during  the  sea  test  were  also  processed  using  the  model.  A 
sample  of  the  sea  test  data  sets  was  selected  to  compute  SA  corrupted  buoy  positions. 
The  sample  sets  were  also  processed  to  remove  SA  from  the  data  using  ARLUT's 
DCF.  SA  free  positions  were  then  successfully  computed  using  SA  free  data.  The 
remaining  data  sets  from  the  sea  test  will  be  cleaned  to  compute  SA  free  positions 
during  the  next  report  period.  The  positions  computed  with  clean  observation  data  and 
cleaned  reconstructed  range  data  will  be  compared  to  validate  that  the  PCF  process 
produces  results  that  are  equivalent  to  the  DCF  for  this  application. 

In  addition  to  comparing  results  between  the  model  and  the  existing  DCF,  the 
corrected  positions  using  SA  free  reconstructed  ranges  will  be  compared  to  true 
positions.  Position  solutions  computed  using  data  collected  at  ARL:UT  will  be 
compared  to  known  truth  positions  at  ARL:UT.  Data  collected  from  the  GPS  reference 
receiver  on  shore  will  be  used  to  compute  differential  positions  of  each  buoy,  and  these 
differential  position  solutions  will  serve  as  known  positions  for  the  buoys.  The  corrected 
positions  from  the  buoys  will  be  compared  to  the  differential  positions,  and  an  analysis 
summarizing  the  results  will  be  presented  in  the  next  report. 

Subtask  6:  Procurement  of  Microcomputers 

ARL:UT  initiated  procurement  of  microcomputers  for  the  PCF  system.  The 
computers  are  IBM  PC  compatible  with  80486  processors  and  all  necessary 
peripherals.  The  units  designated  to  perform  classified  processing  will  use  removable 
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hard  disks  for  enhanced  security.  The  units  that  will  be  dedicated  to  unclassified 
communication  and  data  storage  will  have  standard  hard  disk  drives.  Delivery  of  ail 
computer  systems  to  ARLUT  is  scheduled  for  early  October. 

Subtask  7:  Integrate  and  Test  the  SA  Removal  Capability  Into  Position  Correction 
Facility 


Once  the  position  error  model  validation  is  complete,  the  software  will  be 
enhanced  from  a  prototype  process  to  a  fully  capable  PCF.  Testing  will  be  conducted 
to  verify  the  corrected  position  solutions  are  within  30  m,  rms,  of  the  true  position.  Also, 
ARLtlTTs  secure  facilities  will  be  modified  to  accommodate  equipment  dedicated  to  the 
WHOI  program. 

Subtask  8:  Implement  Capability  for  Receiving  Navigation  (Ephemeris)  Information 

ARLUT  requested  broadcast  ephemeris  data  from  the  Defense  Mapping 
Agency  (DMA)  for  use  by  WHOI/GAMOT  through  all  phases  of  the  project.  DMA  has 
agreed  to  provide  the  necessary  ephemeris  data  for  processing  of  buoy  positions.  The 
satellite  ephemerides  are  currently  collected  by  DMA's  world  wide  monitor  station 
network,  and  made  available  to  ARLUT  on  a  daily  basis. 

Additional  Activities: 

The  previous  report  described  additional  tasking  ARLUT  has  undertaken  beyond  the 
original  scope  of  the  subcontract.  The  progress  on  this  additional  tasking  is 
summarized  below. 

1.  September  Sea  Test 

Two  prototype  buoy  designs  were  evaluated  in  a  sea  test  conducted  by  WHOI  in 
September.  ARLUT  personnel  assisted  WHOI  during  pre-deployment  preparations 
including  operational  testing  of  the  GPS  receiver  and  data  acquisition.  While  on  site, 
ARLUT  deployed  a  temporary  GPS  reference  station  for  data  collection.  The 
reference  station  data  will  be  used  to  compute  post-test  differential  GPS  (DGPS) 
positions  of  the  buoys.  DGPS  position  solutions  in  postprocessing  for  distances  under 
500  km  are  typically  accurate  to  within  5  m.  Therefore,  the  utilization  of  DGPS  to 
compute  buoy  positions  in  this  test  will  provide  an  accurate  and  independent  means  of 
verifying  the  accuracy  of  the  SA  removal  technique.  ARLUT  personnel  remained  on 
site  until  the  departure  of  WHOI  personnel  for  deployment  of  the  test  buoys. 

Tne  GPS  data  from  both  buoys  and  the  reference  station  were  successfully 
transferred  to  ARLUT  upon  completion  of  the  test.  Archival  and  conversion  of  the  buoy 
data  from  raw  format  to  standard  Ashtech  format  and  then  to  RINEX  format  were 
completed.  Also,  all  buoy  data  has  been  processed  to  assess  data  quality.  The 
processing  included  determining  the  number  of  times  in  which  the  receiver  lost  lock  on 
the  signal  of  an  observable  satellite,  or  when  a  slip  occurred  in  tracking  the  carrier 
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phase  of  a  satellite  signal  (cycle  slips).  These  quantities  provide  a  initial  indication  of 
buoy  receiver  system's  tracking  ability.  Results  from  this  processing  indicate  that  there 
was  no  significant  difference  in  performance  between  the  two  buoy  designs  with 
respect  to  these  parameters. 

2.  Investigate  Feasibility  of  Using  Long  Baseline  DGPS 

ARL:UT  initiated  an  analysis  to  determine  the  feasibility  of  applying  DGPS  over 
long  baselines  up  to  7000  km.  The  purpose  of  the  analysis  was  to  determine  whether 
an  unclassified  DGPS  process  could  determine  buoy  positions  within  30  m.  Data  from 
stations  in  Canada,  Europe,  and  the  United  States,  including  Hawaii  and  Alaska,  were 
successfully  downloaded  from  the  International  GPS  Geodynamics  Service  (IGS) 
database.  The  database  is  part  of  the  Crustal  Dynamics  Data  Information  System 
(CDDIS)  based  at  the  Goddard  Space  Flight  Center  in  Greenbelt,  Maryland. 
Compressed  GPS  data,  truth  position  coordinates,  and  necessary  the  decompression 
tools  were  obtained.  The  GPS  data  were  then  processed  for  each  site.  An  ARLUT 
DGPS  software  program  was  used  to  compute  differential  positions.  The  computed 
positions  were  compared  to  the  known  station  positions.  Preliminary  results  indicate 
that  positions  can  be  determined  with  an  accuracy  on  the  order  of  three  parts  per 
million  (3  m  over  a  1000  km  baseline).  However,  the  position  solution  for  two  stations 
had  significant  errors.  The  position  error  for  one  station  was  32  m  while  the  position 
error  for  stations  at  a  similar  baseline  distance  were  5  -  7  m.  The  second  anomalous 
position  error  was  approximately  22  m  over  a  baseline  of  3800  km.  The  position  error 
expected  at  this  distance  was  approximately  11  -  12  m  based  on  the  three  parts  per 
million  trend  described  above.  Efforts  to  determine  the  cause  of  the  errors  are 
continuing.  Also,  ARLrUT  is  continuing  to  assess  the  overall  accuracy  and  feasibility  of 
applying  this  technique  to  future  programs  requiring  precise  buoy  positioning  over  long 
baselines. 

3.  Interim  Processing  of  Corrected  Buoy  Positions 

The  GPS  Joint  Program  Office  (JPO)  granted  approval  during  this  quarter  for 
ARLrUT  to  perform  SA  removal  during  postprocessing  of  buoy  positions  for  the  GAMOT 
program.  ARLrUT  is  currently  reviewing  cost  requirements  to  conduct  processing  of 
corrected  buoy  positions  until  preparations  are  completed  for  ARLrPSU  to  conduct 
processing.  ARL:UT  has  previously  accepted  additional  tasking  (e.g.,  support  of  the 
sea  test  and  LBDGPS  analysis)  in  lieu  of  deploying  reference  stations  as  described  in 
Option  2  of  Phase  i  in  the  statement  of  work.  Support  of  the  planned  Pacific  system 
test  in  March  1994  will  also  require  additional  out-of-scope  work.  ARLrUT  will 
determine  if  sufficient  funds  remain  for  the  processing  of  SSAR  positions  and  for  what 
length  of  time. 


Shawn  Furgason 
Research  Engineer  Associate 
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Applied  Research  Laboratories,  The  University  of  Texas  at  Austin  (ARL:UT),  is 
tasked  to  provide  Woods  Hole  Oceanographic  Institution  (WHOl)  with  a  method  and 
system  for  determining  accurate  positions  of  free  floating  Surface  Suspended  Acoustic 
Receivers  (SSAR).  ARL:UT  is  to  provide  guidance  in  the  selection  of  Global 
Positioning  System  (GPS)  equipment,  and  determine  the  best  method  of  obtaining 
SSAR  positions.  During  this  quarterly  period,  the  following  effort  was  completed: 

Subtask  3:  Develop  Receiver  Control  Software 


As  part  of  the  GPS*based  buoy  positioning  system,  ARL:UT  is  to  develop  and 
deliver  the  GPS  receiver  control  software.  During  this  report  period,  ARL:UT  continued 
development  of  the  GPS  receiver  control  software.  The  software  is  approximately  90% 
complete.  The  remaining  effort  consists  of  final  modifications  to  the  code  which 
prepares  the  GPS  data  for  transmission.  A  working  version  of  this  code  is  currently 
under  test.  In  addition  to  software  functionality  tests,  program  logic  and  error  handling 
are  being  tested  to  ensure  reliable  performance. 

As  part  of  the  software  development  an  effort  was  made  to  define  the  optimum 
message  content  and  format  that  would  meet  project  requirements,  and  satisfy 
operational  constraints.  ARL:UT  has  determined  that  the  shortest  message  consists  of 
a  complete  three  dimensional  position  for  the  first  fix,  followed  by  position  changes 
(deltas)  in  time  and  position  components  for  subsequent  fixes.  This  technique  requires 
101  bytes  for  the  first  full  position  fix,  and  90  bytes  for  each  subsequent  fix.  ARL.UT 
recommends  collecting  and  transmitting  as  many  positions  as  possible  for  a  data 
collection  period,  and  that  a  minimum  of  two  position  fixes  be  transmitted  per  data 
collection  period.  Using  two  position  fixes  requires  a  total  of  191  bytes  and  provides  a 
sufficient  number  of  bytes  for  any  potential  configuration  or  changes  in  the  GPS 
constellation  during  data  collection.  This  is  a  reduction  of  approximately  50%  from  the 
initial  estimate  of  150  bytes  per  fix  previously  presented  to  WHOl.  This  method  does 
not  impose  any  operational  constraints,  and  it  mitigates  the  risk  of  relying  on  a  single 
position  which  may  have  significant  errors. 


Ser  No.  SGD-2713 
1  Febaiary  1994 
Page  2 


It  is  ARLUT's  understanding  that  the  current  goal  is  512  bytes  of  position, 
sensor,  and  acoustic  data  per  collection  session.  Therefore,  ARL:UT  is  continuing  to 
investigate  additional  methods  of  reducing  the  required  amount  of  GPS  data.  ARLUT 
is  currently  working  with  WHO!  and  PSU  to  implement  a  bit  encoding  scheme  that  may 
dramatically  reduce  the  number  of  bytes  required  for  the  GPS  information. 

Subtask  5:  Develop  Position  Correction  Algorithm 

During  this  report  period,  ARLUT  completed  development  of  the  position 
correction  algorithm.  This  algorithm  reconstructs  the  GPS  pseudorange  observable 
from  the  receiver  position  data.  This  allows  the  effects  of  selective  availability  (SA)  to 
be  removed  from  the  pseudoranges.  (A  full  description  of  the  algorithm  is  contained  in 
the  previous  quarterly  report.)  Data  collected  with  the  Ashtech  OEM  Sensor  at 
ARLUT,  and  during  a  sea  test,  were  processed  to  test  and  validate  the  algorithm.  The 
validation  consisted  of  two  parts.  The  first  part  of  the  validation  determined  how  well 
ranges  were  reconstructed,  and  how  positions  generated  from  the  reconstructed 
ranges  compared  to  positions  generated  with  ARLUT’s  existing  data  correction  facility. 
Positions  were  computed  using  SA-free  (cleaned)  reconstructed  ranges  generated  by 
the  algorithm.  These  positions  were  then  compared  to  reference  data  positions 
generated  using  cleaned  raw  pseudorange  data  from  the  GPS  receiver.  The  three 
dimensional  root  sum  square  (RSS)  difference  between  the  solution  files  was  then 
computed  for  each  data  set.  The  difference  is  typically  less  than  one  meter.  As  noted 
in  the  previous  report,  this  difference  is  a  function  of  the  precision  of  the  reconstructed 
ranges. 

The  process  was  repeated  for  all  data  collected  during  the  sea  test  with  the 
standard  and  snubber  buoys.  The  overall  mean  difference  was  0.37  m  for  the  standard 
buoy  with  a  standard  deviation  of  0.41  m.  For  the  snubber,  the  mean  was  0.58  m,  and 
the  standard  deviation  0.32  m.  These  results  verify  that  the  range  reconstruction 
algorithm  and  process  is  valid  and  has  been  successfully  implemented. 

The  second  part  of  verification  was  to  establish  the  absolute  accuracy  of  the 
corrected  positions.  With  laboratory  data,  the  position  solutions  computed  from  the 
cleaned  reconstructed  ranges  were  differenced  from  a  sun/eyed  position  on  the 
ARLUT  roof.  The  accuracy  of  the  sun/eyed  position  is  better  than  1  m  spherical  in 
WGS-84  coordinates.  The  results  show  that  positions  can  be  corrected  to  within  the  1 0 
m  of  the  sun/eyed  position.  Differential  GPS  (DGPS)  positions  were  computed  in  post¬ 
processing  for  the  buoys  to  serve  as  truth.  The  RSS  of  the  difference  between  the 
corrected  positions  and  the  DGPS  positions  was  computed  to  establish  the  accuracy  of 
the  corrected  buoy  positions  in  the  sea  test.  The  results  are  presented  below  in  the 
discussion  of  the  sea  test  analysis  and  results. 

Subtask  6:  Procurement  of  Microcomputers 

ARLUT  took  delivery  of  computers  for  both  position  correction  facility  (PCF) 
systems.  The  computers  are  IBM  PC  compatible  with  80486  microprocessors.  All  units 
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are  equipped  with  16  megabytes  of  RAM  and  dual  half  height  floppy  drives  (one  each 
3.5  in.  and  5.25  in.),  super  VGA  monitors  and  video  cards,  DOS  6.0,  and  Windows  3.1. 
The  computers  to  be  used  for  classified  processing  are  equipped  with  two  150  Mb 
Bernoulli  removable  hard  disk  drives.  The  computers  that  will  handle  unclassified  data 
transfer  are  each  equipped  with  a  200  Mb  fixed  hard  disk. 

A  faulty  motherboard  was  discovered  in  one  microcomputer  during  initial 
checkout.  The  board  was  replaced  and  the  computer  has  subsequently  performed 
without  problem.  No  problems  were  detected  with  any  of  the  other  computers.  Effort 
on  subtask  6,  Procurement  of  Microcomputers,  has  been  completed. 

Subtask  7:  Integrate  and  Test  the  SA  Removal  Capability  into  Position  Correction 
Facility 


Software  required  to  perform  the  initial  decompression  and  reformatting  of 
position  data  was  completed  during  this  quarter.  Also,  the  range  reconstruction  and  SA 
removal  process  is  currently  being  integrated  into  a  deliverable  PCF  configuration. 
Enhancements  and  modifications  to  the  overall  position  correction  process  were 
identified  to  streamline  data  processing.  These  modifications  will  be  completed  during 
the  next  report  period. 

Additional  Activity: 

ARL:UT  has  undertaken  additional  tasking  beyond  the  original  scope  of  the 
subcontract  at  the  request  of  WHOI.  The  progress  on  these  tasks  during  this  report 
period  is  summarized  below. 

September  Sea  Test 

A  description  of  the  September  test  activity  and  ARLUT's  role  in  this  effort  was 
provided  in  the  previous  quarterly  report.  During  this  report  period,  ARl/.UT  conducted 
extensive  data  processing  and  analysis.  A  report  containing  the  test  results  and 
analysis  will  be  prepared  separately  during  the  next  reporting  period.  A  preliminary 
analysis  and  assessment  is  presented  here. 

Two  prototype  buoy  designs  (designated  as  the  standard  and  the  snubber)  were 
evaluated  in  the  September  sea  test  conducted  by  WHOI.  A  brief  additional  test  was 
performed  in  November  with  the  standard  buoy  design.  ARL:UT  used  these  tests  as 
opportunities  to  satisfy  the  following  objectives:  1)  evaluate  the  performance  of  the  GPS 
receiver  in  an  operational  environment;  2)  evaluate  the  receiver  control  software;  and 
3)  collect  sufficient  data  in  operational  conditions  to  evaluate  the  range  reconstruction 
and  SA  removal  process. 

In  general,  the  receiver  performance  was  very  good.  The  receivers  deployed  on 
the  buoys  operated  normally  with  no  apparent  equipment  malfunctions.  Each  buoy  was 
equipped  with  one  Ashtech  OEM  Sensor  GPS  receiver  and  Ashtech's  low  profile  micro 
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strip  antenna.  The  same  equipment  models  were  used  tor  a  temporary  GPS  reference 
station  deployed  by  ARL:UT  at  the  Bermuda  Biological  Station  for  Research.  The 
receiver  performance  was  evaluated  on  the  satellite  signal  to  noise  ratios  (SNR)  and 
satellite  tracking  performance.  The  SNR  for  both  buoy  receivers  were  comparable  to 
laboratory  conditions. 

ARL:UTs  receiver  control  software  was  used  to  control  the  reference  station 
receiver.  The  software  successfully  collected  100%  of  the  receiver  data  when  initiated 
by  the  computer.  There  were  six  sessions  during  which  the  computer  did  not  execute 
the  receiver  interface  software  due  to  a  software  schedule  error  that  was  not  related  to 
the  interface  software.  There  were  several  instances  in  which  raw  data  and  satellite 
ephemerides  were  not  collected  from  the  receiver  by  the  buoy  system.  The  cause  of 
the  data  collection  failures  is  being  investigated  and  discussed  with  WHOl.  The  results 
of  the  investigation  will  be  summarized  in  the  test  report. 

Sufficient  data  were  collected  to  determine  that  the  performance  of  the  range 
reconstruction  and  SA  removal  process  will  generate  solutions  that  are  significantly 
more  accurate  than  the  specified  requirements.  DGPS  solutions  were  computed  using 
data  collected  simultaneously  at  the  reference  station  and  at  each  buoy.  These  DGPS 
positions  served  as  truth  for  comparison  with  the  corrected  positions  computed  using 
reconstructed  ranges.  The  DGPS  solutions  were  computed  with  PPDIFF  (post-process 
differential)  which  is  an  Ashtech  software  application.  The  typical  error  in  DGPS 
solutions  for  the  35  -  40  km  baseline  between  the  reference  station  and  buoys  is 
approximately  2  -  5  m.  The  RSS  of  both  two  and  three  dimensional  position  differences 
were  computed  to  determine  the  residual  between  the  DGPS  and  buoy  positions. 
Statistics  summarizing  the  overall  results  for  both  buoys  in  the  September  test  are 
shown  in  Table  1.  The  geometric  distribution  of  GPS  satellites  results  in  larger  vertical 
than  horizontal  errors.  Consequently  the  2D  solutions  are  more  accurate  than  the  3D 
solutions.  Therefore,  position  accuracy  can  be  increased  if  the  buoy's  height  is 
constrained  to  the  geoid. 

Table  1:  Residual  Distribution  Statistics  by  Buoy  for  All  Data 


Buoy 

2  D 

3  D  1 

Mean 

Std.  Dev. 

Mean 

Std.  Dev. 

Standard 

6.09  m 

4.23  m 

12.48  m 

7.45  m 

Snubber 

5.68  m 

4.67  m 

14.63  m 

7.29  m 
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ABSTRACT 

Most  drifting  buoy  systems  require  the  capability  to  transmit  position  and 
sensor  information  to  satellites.  In  order  to  send  data  from  sensors 
suspended  below  a  drifting  surface  buoy  a  reliable  electrical  conductor  path 
is  mandatory.  However  the  long  term  survivability  of  conductors  in  the  upper 
portion  of  a  suspended  surface  buoy  tether  is  a  challenging  problem.  This 
paper  provides  information  about  the  development  and  testing  of  drifting  buoy 
systems  using  highly  compliant  nylon  reinforced  rubber  hoses  to  serve  as 
conduit  for  electrical  conductors. 


KEYWORDS 

Compliant  electro-mechanical  tethers;  drifting  buoy  systems,  modeling  of 
reinforced  stretch  hose  structures;  flex  and  tension  fatigue  testing  of 
stretch  hose;  wave  motion  excited  tether  resonance 


INTRODUCTION 

A  free  drifting  acoustic  receiver  is  being  developed  as  part  of  the  Global 
Acoustic  Mapping  of  Ocean  Temperatures  (GAMOT)  project.  It  consists  of  a 
surface  buoy  from  which  an  instrument  package  and  vertical  hydrophone  array 
are  suspended  through  a  cable  in  about  500  meter  water  depth.  Called  the 
Surface  Suspended  Acoustic  Receiver  (SSAR),  it  is  intended  to  form  a  lower 
cost  alternative  to  fixed  receiver  arrays  used  to  detect  changes  in  sound 
travel  time  between  an  acoustic  source  and  the  array  hydrophones.  Changes  in 
sound  travel  time,  caused  by  variations  in  water  temperature  can  be  indicative 
of  climatic  changes  such  as  global  warming.  Two  prototype  SSARs  called 
Standard  and  Snubber  (Fig.  1)  have  been  developed. 


THE  NEED  OF  TETHER  COMPLIANCE  IN  DRIFTING  BUOY  SYSTEMS 

A  drifting  buoy  with  a  suspended  tether  and  sensor  package  is  a  spring  mass 
system  responding  to  the  heave  motions  of  the  buoy  in  a  sea  state  with 
distinct  natural  frequencies,  motions,  and  tether  tensions.  Without  wave 
motions  and  differential  current  loading  the  cable  or  rope-like  tether  would 
only  experience  a  static  tension  equal  to  the  submerged  weight  of  sensor 
package  and  tether.  Differential  current  drag  or  wind  generated  drift  of  the 
surface  buoy  adds  quasi-static  drag  loads. 

Wave  motions  of  the  buoy  introduce  dynamic  loading.  Tether  tensions  increase 
when  the  surface  buoy  is  lifted  by  a  wave  due  to  the  need  to  overcome 
hydrodynamic  drag  and  inertial  resistance  of  the  accelerated  suspended  cable 
and  sensor  package.  When  the  buoy  descends  from  a  wave  crest  inertia  and 


SSAR  “Standard’ 
Drifting  Buoy  System 


SSAR  'Snubber' 
Drifting  Buoy  System 


Fig.  1.  Standard  and  Snubber  prototype  SSAR  designs  as  used 
during  the  1993  at-sea  tests. 

dynamic  drag  loads  act  opposite  to  the  static  weight  load  and  reduce  and 
possibly  eliminate  the  tether  tension.  If  in  this  case  the  dynamic  and 
inertia  forces  become  larger  than  the  static  weight  load,  the  cable  tether 
becomes  slack,  since  it  can  not  support  compressive  forces  like  a  connecting 
rod.  The  slack  cable  allows  uncontrolled  motion  of  the  sensor  package 
connected  to  the  tether,  the  next  wave  lifts  the  surface  buoy  and  loads  the 
cable.  If  the  mass  of  the  suspended  sensor  package  is  considerable  or  the 
package  has  enough  time  to  assume  a  significant  downward  speed  during  the 
slack  cable  condition,  the  unavoidable  sudden  tensioning  of  the  slack  cable 
can  cause  significant  impact  or  snap  loading  (Berteaux,  1989). 

A  wire  rope  tether  with  little  compliance  can  see  up  to  9  times  higher 
tensions  than  the  static  weight  during  the  snap  load  condition,  while  in  nylon 
ropes  the  tensions  can  quadruple.  The  maximum  snap  load  occurs  at  the  top  of 
the  tether  (Goeller,  1969).  Snap  loads  are  significantly  reduced  by  the 


inclusion  of  a  compliant  shock  absorber  between  the  surface  buoy  and  the 
suspended  stiff  cable,  or  between  the  cable  and  the  sensor  package. 


MECHANICAL  SYSTEM  MODELING  OF  BUOY  SYSTEM  IN  WAVES 

Static  and  dynamic  analyses  have  been  performed  on  the  SSAR  prototype  designs 
to  determine  their  response  to  steady  state  current  shear  and  dynamic  wave 
forcing.  The  static  current  shear  was  investigated  using  a  model  which 
derived  the  shape  of  the  suspended  elements  based  on  their  drag 
characteristics.  This  model  was  run  for  the  anticipated  current  shear 
profiles  and  predicted  the  corresponding  tilts  at  the  array.  The  size  of  the 
weight  located  beneath  the  array  was  chosen  to  keep  the  array  tilt  below  5* 
for  most  anticipated  situations. 

The  dynamic  analysis  was  performed  by  solving  the  equations  of  motion  of  the 
array  cable  in  the  frequency  domain  using  a  finite  difference  scheme.  The 
input  to  the  program  is  a  specified  wave  spectra.  The  surface  buoy  is  assumed 
to  be  a  wave  follower  so  that  the  input  motion  at  the  top  of  the  array  is 
equal  to  the  wave  motion.  The  hydrodynamic  motions  are  modeled  with  an 
"equivalent  linearized"  coefficient.  Since  the  value  of  this  coefficient 
depends  on  the  response,  the  solution  must  be  found  by  iteration. 

The  computer  codes  were  checked  against  data  collected  during  the  field  trials 
for  the  Standard  (Fig.  2)  and  Snubber  (Fig.  3)  prototype  SSAR  buoy  systems. 

The  sea  conditions  during  both  tests  were  comparable  with  a  wave-height 
standard  deviation  of  0.50  m  and  a  peak  frequency  of  0.12  Hz.  The  motion  at 
the  bottom  of  the  array  is  amplified  in  the  Standard  SSAR  (Fig  4).  This  is 
explained  by  the  fact  that  the  natural  frequency  of  the  system,  which  is 
associated  with  the  elastic  stiffness  of  the  hose,  is  0.3  Hz.  For  the  Snubber 
SSAR,  the  motion  at  the  bottom  of  the  array  is  damped  (Fig.  5).  Here,  the 
natural  frequency  associated  with  the  hose  is  approximately  0.09  Hz.  Numerical 
predictions  of  the  tension  at  the  surface  buoy  for  the  given  wave  conditions 
yield  a  standard  deviation  of  200  lbs  for  the  Standard  SSAR  and  the  80  lbs  for 
the  Snubber  SSAR. 

Also  calculations  were  performed  using  a  sea  state  corresponding  to  a  strong 
gale.  Inputting  a  standard  deviation  of  3.5  m  at  the  surface  buoy  and  a  peak 
frequency  of  0.06  Hz,  predicted  motions  at  the  bottom  of  the  Standard  SSAR 
will  have  a  standard  deviation  of  3.6  ra,  and  the  tension  at  the  surface  buoy 
will  have  a  standard  deviation  of  540  lbs.  For  the  Snubber  SSAR,  the  standard 
deviation  of  the  bottom  motion  is  1.0  m  and  the  standard  deviation  of  the  top 
tension  is  225  lbs. 


DEVELOPMENT  OF  STRETCH  HOSE  AS  ELASTIC  TETHER 

Reinforced  rubber  stretch  hoses  were  developed  for  two  SSAR  drifting  buoy 
systems  to  serve  as  compliant  shock  absorbers  between  surface  buoy  and  the 
suspended  electro-mechanical  cable,  sensor  package  with  acoustic  array,  and 
stabilizing  sinker  weight.  In  the  Snubber  SSAR  the  hose  is  arranged  between 
the  surface  float  and  a  subsurface  buoy.  In  the  Standard  SSAR  the  hose 
connects  the  surface  buoy  to  the  suspended  cable  and  sensor  package  directly 
(Fig.  1).  Both  designs  incorporate  electrical  conductors  arranged  inside  the 
stretch  hose  in  coiled  configurations,  allowing  them  to  elongate  like  a 
telephone  cord  without  straining  the  copper  conductors.  The  hoses  also 
contain  an  initially  slack  stop  rope,  which  engages  when  the  hose  exceeds  a 
certain  elongation.  The  rope  with  a  higher  modulus  and  strength  than  the  hose 
will  dominantly  share  severe  tensions  and  limit  hose  load  and  stretch  to  safe 
fractions  of  its  strength. 


Fig.  2.  Measured  and  calculated  power  strata 
for  the  motion  at  the  bottom  of  the 
Standard  SSAR. 

Sea  conditions:  wave  height  standard 
deviation  =  0.5m;  peak  frequency  *  0.12  Hz 


Fig.  ■*  Measured  and  calculated  power  strata 
ior  the  motion  at  the  bottom  of  the 
Snubber  SS&R.  Sea  conditions  same 
as  Fig.  2. 
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Fig.  4.  Standard  SSAR  motions  computed  from 
vertical  accelerations  measured  at 
the  surface  buoy  and  the  acoustic 
array  at  500m  depth. 
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Fig.  S.  Snubber  motions  computed  from  vertical 
accelerations  at  the  surface  buoy  and 
the  acoustic  array  at  500m  depth. 


Comparison  with  Offshore  Oil  Transfer  Hoses:  The  hoses  have  the  external 
appearance  of  offshore  oil  transfer  hoses  with  built  in  steel  flanged 
couplings.  However  their  construction  and  mechanical  behavior  are 
significantly  different.  Oil  transfer  hoses  are  either  built  as  pressure  or 
suction  hoses  to  allow  the  safe  transport  of  a  large  volume  of  fluid.  The 
pressure  hose  constrains  radial  expansion  by  circumferential  arrangement  of 


unidirectional  tire  cord  fabric,  thereby  generating  the  reguired  hoop 
strength.  Service  breakdown  in  suction  hoses  is  prevented  by  embedding  heavy 
steel  wire  in  the  hose  wall.  The  wire  is  spiraled  almost  circumferentialy, 
providing  the  needed  collapse  resistance  of  the  hose  subjected  to  vacuum 
suction  of  fluids.  Additional  reinforcement  is  arranged  to  add  stiffness  to 
the  rubber.  The  oil  transfer  hoses  are  tight? y  controlled  under  a 
specification  of  the  Oil  Companies  International  Marine  Forum  (OCIMF  1991). 
OCIMF  also  requires  periodic  inspection  to  prevent  oil  spills  through  hose 
failure. 


Spiraling  of  Reinforcement  allows  Increased  Hose  Stretch.  The  shock  absorbing 
hoses  for  the  SSAR  drifting  buoy  systems  are  designed  to  provide  maximum 
possible  axial  stretch  within  safe  working  load  limits  of  the  nylon  tire  cord 
reinforcement.  Large  axial  hose  stretch  is  possible  by  spiraling  the  nylon 
cords  in  counterhelical  layers  in  the  hose  wall.  The  coiling  of  the 
reinforcement  allows  the  amplification  of  the  cord  elongation  in  the  hose  up 
to  8  times,  depending  on  the  selected  spiraling  or  wrap  angle  (Fig.  6).  The 
spiraling  angle  is  measured  between  hose  axis  ^nd  cord  axis. 


CORD  ELONGAVON  AMPLIFICATION  THROUGH 
HELICAL  ARRANGEMENT  IN  STRETCH  HOSE 


Fig.  6.  Cord  reinforcement  elongation  versus  hose 
elongation  as  function  of  helix  angle. 

The  larger  the  wrap  angle,  the  more  stretch  is  being  developed  in  the  hose  in 
response  to  an  applied  load.  However  the  more  compliant  hose  response  is  also 
coupled  with  lower  safe  working  loads  for  the  hose  with  the  larger  wrap  angle. 


Stretch  Hose  Contraction  and  Fill  Fluid  Pressure:  The  counterhelically 
spiraled  nylon  reinforcement  under  tension  contracts  the  stretching  hose 
diameter,  the  diameter  contraction  is  limited  by  the  presence  of  fill  fluid 
with  assumed  constant  volume.  However  the  spiraled  tensioned  cord  layers 
generate  fill  fluid  pressure  due  to  their  "Chinese  finger"  contraction, 
choking  the  fill  fluid  inside  the  hose.  The  wrap  or  helix  angle  of  the 
reinforcement  with  the  hose  axis  is  greatly  influencing  the  load  elongation 
behavior  of  the  stretch  hose.  Wrap  angle  and  hose  size  effect  the  increase  of 
the  fill  fluid  pressure  under  growing  tension. 


The  Design  Process 


The  hose  stretch  characteristics  are  calculated  by  adapting  mechanical 
modeling  developed  for  textile  structures  mostly  at  the  University  of 
Manchester  in  England  since  1955  (e.g.  Treloar  and  Riding,  1962).  Strain  and 
loading  of  helically  arranged  reinforcing  cords  are  determined  as  a  function 
of  their  geometry  within  the  hose  structure  in  response  to  external  stretch  of 
the  hose.  This  allows  calculation  of  the  load  elongation  behavior  of  the 
reinforced  hose,  as  well  as  its  effect  on  fill  fluid  pressure.  The  procedure 
is  summarized  in  Fig.  7  and  compared  with  the  experimental  process. 

Comparison  with  actual  built  hoses  shows  reasonable  agreement  between 
calculated  and  experimental  behavior  (Fig.  8).  However  typical  changes  in 
load  elongation  behavior  due  to  permanent  set  and  visco-elastic  properties  of 
rubber  and  textile  reinforcement  have  to  be  considered  additionally. 

Geometric  relationship  between  the  stretch  of  helically  applied  cordB  and 
elongation  of  a  fluid  filled  hose  was  shown  in  Fig.  6,  assuming  isochoric 
(constant  volume)  deformation  of  the  hose  filled  with  incompressible  fluid. 
Fig.  6  shows  that  at  larger  cord  wrap  angles  the  cord  stretch  is  only  a  small 
fraction  of  the  hose  elongation.  Due  to  the  geometry  of  the  reinforcement 
hose  stretch  of  up  to  35  percent  is  possible  while  keeping  the  cord  load  below 
10  percent  of  its  breaking  strength.  At  cord  angles  above  55  degrees  the  cord 
path  goes  into  compression  when  the  hose  is  elongated.  This  is  caused  by  the 
radial  contraction  of  the  hose  with  applied  axial  elongation.  This  poisson 
ratio  effect  can  be  utilized  to  incorporate  materials  with  much  higher  elastic 
moduli  into  the  hose  wall.  Applied  at  the  proper  wrap  angle  they  will  not  see 
any  stretch  or  an  assigned  low  stretch  over  a  predetermined  elongation  range 
of  the  hose.  Electrical  conductors  or  fishbite  resistant  layers  of  high- 
modulus  fibers  or  metallic  wires  can  be  included  into  the  hose  design  this 
way.  A  first  test  hose  with  electrical  conductors  incorporated  in  its  wall 
has  been  built  and  will  undergo  fatigue  testing. 


Fig.  7. 


Experimental  and  analytical  procedure  for  load 
and  fill  pressure  response  to  hose  stretch 


Fig.  8.  Comparison  of  calculated  and  tested  hose 
tension-elongation  behavior. 


Hose  Construction 

The  SSAR  hose  construction  combines  rubber  and  reinforcement  elements.  The 
reinforcement  consists  of  parallel  tire  cords,  which  are  evenly  and  tightly 
spaced  into  woven  cord  fabric.  The  manufacturing  technology  was  developed  and 
is  applied  in  closely  controlled  mass  production  of  tire  reinforcement.  The 
tire  cord  fabric,  treated  with  a  liquid  adhesive,  is  covered  with  a  thin  and 
even  rubber  coating  on  each  side.  The  rubber  forms  a  thin  cord  containing 
sheets  Its  modulus  in  the  direction  of  the  cord  axis  is  over  250  times  that 
of  a  cross  section  made  entirely  of  rubber.  Fig.  9a  shows  the  fabric  and  the 
fabric  containing  rubber  sheet. 

The  unreinforced  rubber  components  of  the  hose  consist  of  thin  sheets,  rolled 
with  narrow  thickness  tolerances.  Custom  compounded  rubber  materials  form  the 
inner  tube  and  outer  jacket  of  the  hose. 

The  hose  components  are  hand  laid  up  over  a  steel  mandrel.  Over  the  inner 
rubber  tube  counter-helical  layers  of  rubber  covered  reinforcement  ribbons, 
sliced  to  specified  widths,  are  applied  similar  to  the  ribbon  wrapping  around 
a  maypole,  (Fig.  9b).  This  way  the  reinforcement  can  be  incorporated  into  the 
hose  structure  at  specified  wrap  angles  which  deliver  the  required  compliance 
and  strength  of  the  hose.  Additional  reinforcement  is  built  up  at  each  hose 
end  to  create  low  stretch  sections  with  increased  axial  and  bending  stiffness. 

The  hose  termination  is  an  internal  steel  pipe  with  two  spaced  apart 
positioning  rings  to  which  a  steel  flange  is  welded.  The  inner  rubber  tube 
and  the  reinforcing  layers  are  built  up  over  the  pipe  section  and  locked  on  by 
a  steel  wire  wrapped  under  high  tension  over  the  unfinished  hose. 

Subsequently  the  outer  rubber  jacket  is  positioned  over  the  reinforcing  layers 
and  temporary  textile  curing  tape  is  wrapped  over  the  completed  hose  body. 
Through  pressurized  steam  treatment  (vulcanization)  the  hose  is  consolidated 
and  molded  to  the  hose  coupling,  the  vulcanization  process  creates  the 
extraordinary  toughness  and  cohesion  of  reinforced  rubber  structures.  The 
hose  end  section  with  its  coupling  is  shown  in  Fig.  10. 


The  electrical  conductors  in  both  the  Snubber  and  Standard  hoses  were 
constructed  as  Electro-Mechanical  (EM)  ropes.  The  insulated  conductors  were 
stranded  around  a  Very  Low  Stretch  (VLS)  polyester  rope  core,  which  acts  as 
the  strength  member.  A  thin  outer  braid  holds  the  conductors  in  position. 

The  EM  rope  construction  allows  rope  tensioning  without  elongating  the 
conductors. 

The  EM  ropes  were  terminated  to  be  longer  than  the  hose  assembly.  In  case  of 
the  Snubber  SSAR  the  EM  rope  acts  both  as  a  "stop  rope"  and  as  the  electrical 
path.  In  the  larger  size  Standard  hose  assembly  a  separate  3/4"  diameter 
double  braided  polyester  rope  functions  as  the  stop  rope,  and  the  EM  rope  is 
spliced  longer  than  the  stop  rope  to  stay  more  or  less  slack  all  the  time  in 
service. 

Both  hose  assemblies  were  terminated  with  pressure  proof  steel  endcaps  which 
provide  the  necessary  mechanical  connections  to  fit  the  surface  buoy  and  the 
EM  cable  (or  the  subsurface  buoy  in  the  Snubber  configuration).  The 
electrical  conductors  were  terminated  in  glass-epoxy  waterproof  bulkhead 
connectors  made  by  Brantner.  The  top  and  bottom  connectors  were  mated  to 
electrical  pigtails  coming  from  the  nearest  components  in  the  drifter 
assembly.  The  inside  faces  of  the  flanges  were  fitted  with  a  clevis  where  the 
stop  ropes  were  terminated  with  an  eye  splice  protected  by  a  thimble.  Once 
both  assemblies  were  completed  they  were  filled  with  a  non-conductive  oil  and 
tested  for  pressure,  electrical  continuity,  and  load  elongation  behavior. 


A  special  test  machine  was  built 
combined  axial  elongation  and  fie 
end  of  the  hose  in  service  at  sea 
machine.  One  end  of  the  tester  s 
other  end  bends  it  back  and  forth 
of  axial  stretch,  and  flex  and  st 
hose  was  marked  every  inch  along 
stretch  under  applied  axial  tensii 
the  hose  terminations  caused  by  tl 
locations  (Fig.  11). 

Fill  pressure  and  continuity  of  tl 
throughout  the  tests.  So  far  two 
developing  rupture  areas  in  the  h< 
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Fig.  11.  Elongation  under  maximum  tension 
of  test  hoses 


no  noticeable  damage  to  the  reinforcement.  Test  results  are  shown  in  Table  1. 
The  test  conditions  were  designed  to  be  considerably  more  severe  than  those 
expected  in  stormy  sea  conditions,  and  future  tests  will  determine  the 
endurance  under  lower  test  tensions.  The  hose  construction  near  the 
terminations  is  being  modified  to  allow  a  more  gradual  reduction  of  the  high 
hose  extension  in  its  compliant  center  to  the  zero  stretch  condition  at  the 
hose  coupling. 


BEHAVIOR  IN  SEA  TRIALS 

Both  the  Standard  and  the  Snubber  systems  were  deployed  offshore  Bermuda  for 
an  engineering  test  on  September  16,  1993  from  the  research  vessel 
Weatherbird.  The  Snubber  system  was  recovered  a  few  days  later  when  the 
engineering  data  telemetered  through  Argos  suggested  a  loss  in  buoyancy  in  the 
system.  Upon  recovery  it  was  discovered  that  the  lower  10-15m  of  the  80m  long 
Snubber  hose  had  collapsed.  The  fill  fluid  used  has  only  75%  of  the  density 
of  seawater  and  was  pushed  to  the  upper  portion  of  the  hose  mooring.  The 
lower  portion  flattened  temporarily,  causing  less  displacement  and  thereby  the 
loss  in  system  buoyancy.  Electrical  communication  was  not  affected,  and  the 
hose  recovered  completely  its  original  round  shape.  The  Standard  SSAR  was 
recovered  unharmed  and  redeployed  for  an  endurance  test  at  a  site  50  miles 
from  the  southwest  shore  of  the  island. 

On  December  S,  1993,  the  Standard  array  drifted  very  close  to  the  reef  on  the 
southwest  corner  of  the  island  (less  than  a  mile).  It  was  promptly  recovered 
from  the  RV  Weatherbird  and  redeployed  four  days  later  at  a  new  location,  87 
miles  from  the  northeast  end  of  Bermuda  (32*  19*N,  63*  14'W).  According  to  the 
Pilot  chart  current  data,  the  prevailing  current  in  this  area  should  prevent 
the  Standard  SSAR  to  drift  back  to  Bermuda.  A  current  (2/17/94)  update  on 
position,  trajectory,  and  engineering  data  is  shown  in  Fig.  12. 


Table  1:  Conditions  and  results  of  hose  flex  and 
tension  fatigue  cycling  tests. 


TEST  RESULTS 

HOSE  SAMPLE  #1 

HOSE  SAMPLE  #2 

Min  and  Max  Load 

0-1,800  lbs 

0-1,300  lbs 

Load  Cycle 

Duration 

10  sec 

9.5  sec 

Elongation*  at 
Maximum  Load 

50% 

42.5% 

Flex  Angle 

45® 

25® 

Duration  of  Flex 
Cycle 

3  sec 

2 . 5  sec 

Fill  Fluid 

Pressure  at  Max 
Tension 

220  psi 

105  psi 

Load  Cycles  till 
Failure 

4,152 

9,878 

Flex  Cycles  till 
Failure 

13,761 

39,546 

Failure  Type  and 
Localization 

Burst  failure  at 
end  of  steel 
coupling . 
Reinforcement 
intact . 

1/4"  burst  at  taper 
of  extra  rein¬ 
forcement;  hose 
otherwise  intact. 

*  Elongation  measured  in  compliant  section  of  test  hoses  at  load  cycle  100. 
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We  are  at  about  the  midpoint  of  the  development  of  the  SSAR  drifting  buoy 
systems  for  the  GAMOT  program.  Through  system  modeling  as  well  as  modeling 
and  fatigue  testing  of  the  compliant  stretch  hose  component  we  seek  to  gain 
sufficient  knowledge  to  achieve  at  least  one  year  electrical  and  mechanical 
service  life  of  the  buoy  system. 


Fig-  12.  Standard  Test  buoy  data  summary  as  of  2/21/94 
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DELIVERABLES 


One  deliverable  was  due  during  this  quarter: 

1.  Array  motion  compensation  software.  Following  the  sea  tests  it  was 
determined  that  the  software  was  not  required. 


There  are  three  deliverables  due  during  the  next  quarter: 

1.  A  detailed  plan  for  implementing  the  investigation  of  more  complex 

ocean  models  and  providing  a  prototype  design  of  an  experiment  for 
monitoring  the  North  Pacific  for  climate  change  and  natural 
variability. 

2.  SSAR  design  and  test  report 

3.  Delivery  of  SSARs  1  through  3 


Figure: 

Fig.  1  GAMOT  Deliverable  Master  Schedule 
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Figure  1:  GAMOT  Deliverable  Master  Schedule 
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